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Preface

from 27-29 October 1976. The Conference provided the initial opportunity for an
exchange of results from the AF/NASA Spacecraft Charging Technology Program.
This program is coordinated by the AFSC(DL) /NASA(OAST) Space Research and
Technology Review Group., The Review Group coordinates interdependent tech-
nology programs between the two agencies, At the Conferenice, USAF, NASA,
industry and university groups working in the spacecraft charging technology area
were able to present their results. Spacecraft charging technology encompasses

a broad based technology effort, composei of expertise spanning the spectrum from :
geophysics to spacecraft design engineering. The Conference provided a medium )
for a comprehensive presentation of results from programs in these diverse dis-
ciplines The technology base formed at the Conference, and contained in this
dotument, has immediate and direct application to design and test requirements
for on-going and planned USAF, NASA, and industry space systems.

We would like to thank Col. John E. Brooke, Assistant Director of Science
and Technology, USAF Systems Command, and Dr. Robert E. Smylie, Acting
Associate Administrator for Aeronautics and Space Technolngy, National Aero-
nautics and Space Administration, for their approval and endorsement of the Con-
ference, C. Pike would like to thank Col. Bernard S. Morgan, Jr., Commander
of the USAF Geophysics Laboratory, USAF Systems Command, for his encourage-
ment and for his support of the Conference, We would also like to thank Lt. Gen,
James R. Allen, Superintendent, USLF Academy, for supporting the Conference,
including arrangements for acéommodations, transportation, meals and facilities,

1
The Spacecraft Charging Technology Conference was held at the USAF Academy :i
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and Brig. Gen, William T. Woodyard, Dean of Faculty, USAF Academy, for his
welcoming address. In partigular, thanks are extended tu Capt, Mark Torreano,
Directorate of Conferences, USAF Academy, for his outstanding support at the
Coriference. Members of.the Conference Program Committee are Capt. M. H.
Bunh, Dr, M.L. Minges, Dr. A. Rosen, Dr. R.W. Rostron, and Dr. E.C.
Whipple.

C. P, PIKE

R. R, LOVELL

Co-Chairmen, USAF/NASA Spacecraft
Charging Technology Conference
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PROCEEDINGS OF THE SPACECRAFT
CHARGING TECHNOLOGY CONFERENCE

Executive Summaty

o Sessionl. ..................... C. P. Pike

Air Force Geophysics Laboratory
Hariscom AFB, MA 01731

Sessionll. ................ E. C. Whipple, Jr.
University of California, Stn Diego
LaJolla, CA 92093

Session Ifl. .................. . N. J. Stevens

NASA Lewis Resoarch Cenfer
Cleveldnd, OH 44135

Session V. ........ M. L. Minges and W. L. Lehn
Air Force Materials Laborafory
Wright-Patterson AFB, OH 45433

SessionV. ......... M. H. Bunn, Coptain, USAF
Space and Missile Systems Organization
Los Angeles, CA 90009

SESSION §. ENVIRONMENT

DeForest reviewed the geosynchronous plasma environment including the high
energy tail, the thermal background plasma, the low témperature "warm plasma, "
loczlly produced secondaries, substorm injection events, field aligned currents

(Received for publication 24 February 1977)
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and magnetopause crossings, A synchronous environment plasma model was pre-
sented that includes omnidirectional and unidirectional clectron fluxes, Charging
in cavities located at the onds of a spacecraft can be dominated by the intense field
aligned fluxes, Johnson et al reported observations of fleld aligned fluxes of o
and H' fons, Fluxes of 108 ions /em sec sr and with keV energies are scen,
Sagalyn and Burke reported on vehicle potential and plasma density and temperature
measurements., At 2500 km altitude in polar orbit, vehicle potentials of up to =40 V
are observed during impulsive auroral electron precipitation cvents. Stevens et al
examined data from the Transiént Event Counter on the CTS satellite. When dis-
charges occurred, they were often recorded at the rate of a few per second, but

no spacecraflt anomalies appear directly related to te discharges., Purvis et al
reported on active control of spacecfalt charging using ATS-5 and ATS-6. Data
from the ion engine neutralizer and an unbiased electron emitter were used, With
the neutralizer on, the potential was -10 volts in eclipse and, when the neutralizer
was turned off, the potential went to -1200 volts. The plasira bridge neutralizer

is more effective than the emitter in maintaining vehiclé potential near ground,
Goldstein examined ATS-6 ion engine neutralizer data ih conjunction with the UCSD
particle detector. When the spacecraft potential was clamped to -10 volts, positive
cesium ions flowed back to the spacecraft. He recommends mounting discharge
devices away from the spacecraft on a boom in order to minimize contamination.
Goldstein and Divine calculated spacecraft pctential levels for Jupiter. Potentials
of 103 to 104 volts are expected. Beattie and Goldstein described the selection
process, including various trade-offs, for the active control system for the Jupiter
Orbiter with Probe (JOP) spacecraft, Calculations by Pavel et al indicated that
high altitude nuclear bursts can lead to processes which result in high charging
levels on synchronous satellites. Juillerat and Philippon showed that proton fluxes
in the South Atlantic Anomaly lead to currents which charge the proof mass of a
low altitude "drag-free" satellite, Garrett combined measurements of ATS-6
aclipse data on particle fluxes and AE-C satellite data on UV radiation. He pre-
sented a nearly linear relationship between solar illumihation/photoelectron flux
and the logarithm of spacecraft potential. Grard described the many applications
that an electron source such as a simple cathode may have to scientific and engi-
neering satellite payloads.

SESSION 1. MODELING

This summary will attempt to indicate the trends of research in the area of
modeling with an emphasis on what is still needed. A detalled surhmary of the
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talks that were given will not be glven, Some of the points to be diseussed were
brought out in the panel discusston which followed the main sesaions of the
conference,

The ultimate aim of the madeling efforts s to provide a theoretical scheme
which can he used to deseribe the structure of the sheath around the spacceraft
and to caleculate tho charging currents to tho spacecraft, In order for the model
to be useful, it should be readily applicable to rcal spacecraft, and the results
should be capable of verification by comparison with data,

A full three-dimensional, self-consistent, time-dependent model for space-
craft charging is likely to be 50 complicated and time-consuming on a computer
that its application to real problems would b quite limited. An important aspect
of modeling research is finding out what approximations can be made. Any approx-
imation which does not compromise the essential physics and which reduces the
complexity of the computations should be very useful. A number of such approxi-
rnations were discussed at the conference.

Cne obvious approximation is the neglect of time-dependence and the assump-
tion of quasistatic conditions. There are,probably many situations where this is a
realistic assumption since the time constant for the plasma response is usually
short compared to the time scale for changes in conditions, Occasions where this
assumption is not valid may occur during discharge events and possibly during the
charging of dielectrics which have large capacitances and hence long time con-
stants for charging,

Another approximation is the utilization of a more restricted geometry than
the full three-dimensions. Such models can give insight into the basic physical
mechanisms and their relative importance with less cost. However, their appli-
cation to realistic spacecraft configurations is probably restricted.

Neglect of space charge may be a valid approximation under some circum-
stances., In particular, it is probably quite realistic to neglect the contribution to
the space charge from the ambient plasma in environments where the electron
density in the magnetospheric plasma is small compared to the photoelectron dens-
ity. Including only the space charge due to the photoelectrons is probably adequate
in such circumstances,

An aim that all modelers should keep in mind is the possibility of representing
their numerical results with analytic formulas, As insight is gained into the rela-
tive importance of the various physical processes, it is probable that many of
these processes can be individually modeled with some sort of an analytic

representation, Any such representation could be extremely useful in reducing
computing time and costs.
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Anather important anpeet of madeling {4 that of verification, This involves at
leant two things, Fipat, a medel must be built for an actual spacecraft which will
be obtaining data, Second, data must be obtained with experiments on that space=
eraft which ean be used to compare wia the pradietions of the model,

Thought should he given now to the problem of developing a charging maodel for
apeetfie spacceraflt, Two spacecraft which are obvious candidates are ATS-6
whieh is at present providing most of the currenily available data on spacecraf
charging in synchronous orbit, and the SCATHA spacecraft which will be launched
in carly 1079, Differdéntial charging has been detected on ATS-6 but a full inter-
pretation of the data requires a n.odeling etfort. A charging model for SCATHA
will be essential for the interpretation of data from that spacecraft,

One final comment on verification: the experiments on the ATS satellites and
on SCATHA were developed without the insights that a charging model would pro-
vide. It is highly likely that as a charging model i3 developed and compared with
spacecraft data, new experiments and better configurations of existing instruments
will be devised for verification of charging processes, In this respect, the present
modeling work must be regarded as an interim effort until there has been at least
one iteration of the modeling — veritication cycle,

SESSION 1. MATERIALS CHARACTERIZATION

The materials characterization session of this conference was devoted to
presentations on the experimental determination of the behavior of typical space-
craft materials when exposed to simulated geomagnectic substorm corditions. In
addition, there were papers on facility related topics.

Papers by Stevens et al and Saylor presented results of survey tests on the
response of various materials to elec‘ron bombardment, Results given by
Stevens et al were based on measurements of leakage current and surface vnltage,
while those given by Saylor were based on measurements of leakage current.
Surface voltages given by Saylor were calculated from the leakage current and
sample capacity. The most striking difference in results was in the surface volt-
ages reported. Saylor reports large positive surface voltages (2-3 kV) for teflon
and kapton samples under bombardment by electron beams with beam energies up
to 7 keV. In contrast, Stevens et al report only negative surface voltages for these
materials under bombardment by electron beams with beam energies from 2 to
20 keV,

The test results for flexible solar array segments were given by Stevens et al
and Bogus. The results were similar, The tests reported by Bogus were more

12




complete atid coneludc. .t temperature can have an ififluence on discharging
characteristics,

Edge voltage giadients were discussed by Robinson, This work complimernted
that presented by Stevens et al, However, in this work, dischdrges in the silver
teflon samples were hard to obtain until the sample was cut, Discharges were
obtained in the tests described by Balmain, Here the characteristics of surface
micro-discharges in dielectric samples in a scanning electron microscope facility
were déscribed,

Sellen discussed the problems of sample hysteresis and its effect on the
intérpretatian of the fesults. Facilities and possible e¢lectron sources were dis-
cussed by Berkopec et al and Nanevicz and Adamo.

In general, the papers given in this session presented more information than
was avallable one year ago. Howevér, there are suffi¢ient differences noted in
these results to warrant a ¢ritical evaluation of test méthods and samiple
preparation,

SESSION IV. MATERIALS DEVELOPMENT

1. Oveiview

In principle, an attractive techniqué for controlling ahd minimizing spacecraft
charging or at least for distributing the charge in an equipotential manner is
through the use of electrically conductive surfaces for the materials exposed to the
space environment. As discussed elsewhere during this symposium, the level of
eléctrical conductivity required is relatively modest in most cases. Some prom-
isihg advances have been made in this direction as summarized in some of the
papers in this session. In other cases, further advances present a real challenge.
Spacecraft surface materials are varied (for example, insulating blankets,
solar cells, structural mermbers, and optical components) and the task of
developing electrically conductive analogues of all these materials while main-
taining their primary functional features p-esents difficult technical issues.

An example here would be electrically conductive thermal control coatings, Coat-
ings, black in color (both visually and in the IR), can be produced readily based oh
the carbon black pigmented materials used widely in the aircraft industry, How-
ever, such coatings will clearly produce sighificant thérmal loads in the substrates
beneath them. While they will emit satisfactorily in the IR, they will have very
high solar absorptance and thus not really perform the thermal control function at
all, Obteining acceptable thermal control features along with electrical conductiv-
ity in u practical coating is proving to be very difficult,

13
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Even with conductive surfaces, practical methods of electrically interconnect-
ing different surface regiohs may not be straightforward, An example here would
be the interconnertion of optical soldr reflector mirrors which have been coated
with electrically conductive surface material, The OSRs are, of course, quite
small, thus the interconnections have to be numerous. The mirrors are also
fragile and their coatings are delicate, thus introduction of conduction paths
through the adhesion materials around and under the mirrors is a difficult c2sign
problem. An additional design requirement especially important for Depaftment
of Defenise satellites i3 dependablé long term performance. Assuring long life-
time, on the order of 5 to 10 years, for materials which must perform under a
multiplicity of environmental streésses can be difficult. For example, one of the
central idsues at present is the interdependency of contamination and spacécraft
charging. . Questions such as the following arise: (1) does contamination change
the electrical characteristics of conductive surfaces? (2) does significant con-
tamination arise when electrical discharging occurs éspecially when the latter is
low level, but chronic, over long periods of time? Several papérs st this sympos -
fum address these questions,

As discussed at some length during the symposium, there are design alterna-
tives to conductive materials for control of charging effects. Electromagnetic
shielding of critical components would be one example, simply halting opération
of the satellite during periods of high level solar activity would be another. Some
methods of control, especially the so-zalled "active" techniques of dissipating
charge, actually depend on the presence of interconnected electrically cohductive
surfaces to "funnel" the charge to the point of dissipation.

Once conductive materials become available, issues of spacecraft system
design using these materials arise, From the material developer's view, this
generally means that a substantial design information package must be developed
including the responsé of the material in a number of combined-environment
exposure situations. Again, as discussed frequently during this symposium, there
are a number of unresolved questions as to exactly what tests are necessary ahd
sufficient ts produce the design package. Since the required materials character-
izations seem to be complex and the effects in the materials subtle, questicns
arise as to intercomparisons of test results among different investigators and
how standardization of the test methodology can be affected.

Even though the development of conductive materials represents high risk,
probably long range technology, the effort should be undertaken because of the
high payoff in spacecraft design flexibility and reliability, Without improved msdite-
rials, alternative design fixes or change in modes of system operation present
penalties in higher system weight, shorter lifetime, and lessened reliability.,

14
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The papers in this session can conveniently be divided into two categories,
First is a group dealing specifically with new electrically conductive materials
development: papér numbers IV-1, 3, 4, 5 and 6. Second is a group dealing with
effects on materials of an electrically energetic env!ronment and with the methods
of materials characterization: paper numbers IV-2, 7, 8, 9, 10 and 11, As
mentioned above, the effects/characterization issués are central to the effective
use of these new materials in spacecraft design and for high confidence predictions
of performance especially in long lifetime missions,

2. Materials Developiment Papers

The first papér in this group by W. L. Lehn (IV-1) présents an ovérview of
the on-going and planned materials development efforts under a cooperative USAF/
NASA program. A jointly pianned USAF-NASA interagency cooperative research
and technology program has been established and implemented to investigate
spacecraft charging phénomeiia. The majority of thé materials development task
under this joint program is the responsibility of and is being directed by the USAF
Materials Laboratory (AFML). This paper gives an overview of the materials
development work, much of it just recently initiated, in four Fuhdamentally differ-
ent functional areas: (1) thermal control materials, (2) insulative materials,

(3) transparent materials for OSR application and condiictive materials for solar
cell application, and (4) conductive low outgassing adhesives,

The current situation in the development of electrically conductive thermal
control coatings (paints) is summarized by J. E. Gilligan (paper IV-3) of IIT
Research Institute working unider Air Force sponsorship and by C. M. Shai (paper
IV-4) who discusses the in-house work at NASA Goddard.

A wide variety of approaches for the developnient of conductive paint type
thermal control coatings have been investigated under the IITRI program. Mate-
rials which have been investigated and evaluatéd include both standard as well as
eloctrically conductive ofganic and inorganic binders pigménted with cofiductive
metallic and inorganic dopéd oxides. The paint systems formulated usirg com-
mercially available conductive organic quarternary-ammonium salt-polyvinyl-
carbazole polymers are interesting but will require a substantial, long term
development before space stable materials will be realized. A rhajor concern is
poor vacuum and radiation stability of thé polymeric binders. Seveéral promising
coatitigs based on a conductive antimony-doped tih oxide pigment ir silicone and
silicate binders with resistivities in the desired rangé of 1 x 10° ohm-cm or lower
were prepared but further development {s required. From an overall point of view,
the inorganic silicate coatings offer the greatest near term potential, The standard
state-of-the-art Z-83 specification inorganic thermal control coating exhibits good
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eléctrical properties and is a very space stable system, THis material does
develop a low level surface charge but does not arc/discharge. Development of an
inorganic coating with improved electrical conductivity properties could be com-
pleted in 1-2 years. The matetials developed were evaluated based on electrical
conductivity, goal of 1 x 109 ohm~cm or lower, physical properties and stability
of the spectral reflectance under simulated spate vacuum ultraviolet exposure,

The NASA coatings development program is ih direct support of the Inter-
national Sun Earth Explorer (ISEE) spacecraft, Materials which have been devel-
opéd and evaluated include both organic and inorganic bifiders pigmented with
standard dielectric as well as semiconductor pigments. The formulation, evalua-
tion, and testing of these materials are presented. Conductive paihts ranging in
color. from white and light yellow to gréen exhibiting soldr absorptance values from
0..22 to 0. 65 have béen formulated from doped inorganic oxide pigments in inorganic
mixed alkali si.'cate binders. Emittance values range from 0. 87 to 0, 90 and resis-
tivities from 1 X 103 to 1 x 105 ohm-mz. Thé green paint has been selected for
application on the ISEE satellite. Results of the materials characterization studies
have shown that conventional thermal control paints charge to a certain degree
under simulated synchronous orbit radiaticn exposure, but they do not arc or dis-
charge, the excess charge being lead/conducted to the conductive substrate or
ground. The conductive paints do not ¢harge but conduct the charge to ground.

An entirely different approach to thermal coritrol is discussed by V.J. Belanger
atid A. E. Eagles (papéer IV-6). Their concept, developed at General Electric tinder
USAF sponsorship, involves the use of high purity silica fabric as an extremely
swace stable, low solar absorptance to emittance ratio (white paint type) coating.
The application of these high purity silica fabrics and conductive fiber/silica
fiber interweaves to control the effects of spacecraft charging is being investigated.
Further, a number of satellite systems contractors are considering use of the
material because of its extréme space stability, contamination resistance, long
- life characteristics, and ifs resistance to heat pulse loading. The materials pre-
pared have been studied as part of the NASA responsibility for the engineering
characterization of the materials developed under the broad USAF/NASA joint
program, - It hds been fourid that under simulated synchronous orbit charging con-
ditioris the silica fabric coatifig materidl, either by itself or whefi used as the outer
layer of multilayef insulation (MLI) blatikets, does become charged but does not
drc of discharge, All of the other typical MLI configurations using outer layers
of dielectric polymeric materials chdarge and arc/discharge to an excessive degree.
The basic fabric material is commercially available, Secondary emission ¢on-
ductivity, proposed as the meclianism for the observed behavior, is discussed in
the paper. A program to develop a silica fabric with optimized thermal optical,
welght, and other physical and engineering properties has been initiated.
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The final paper in the materials development category (paper IV-5) by
L. Amore, A.E, Eagles and E, Okress of General Electric describes the design,
fabrication and testing of conductive coating materials in the form of low cost
conductive transparent coatings for optical solar reflectors, solar cell cover
glasses and conductive polymeric films for a variety of uses such as thermal
insulation blankets,

Examples of the approaches discussed in the paper include the deposition of
transparent metal oxide coatings (indium tin oxide) on Kapton and Teflon metallized
polymeric films. Thus far, good adhesion has been obtaited and there has been
little degradation of the thermal control features of the films. Conductive grids,
photoetched on polymeric film substrates, also perform well as described in the
paper. OSR and solar cell cover glass modifications have shown to hold promise,
Glass frits modified or doped with zinc, lead, litbium, and cerium are effective in
producing conductive surfaces in these materials,

3. Materials Effects and Churacterization Papers

The first paper in this group by J. A, Wall, E.A. Burke, A.R. Frederickson
and J.C. Garth (paper 1V-2) deals with electrical properties of insulating mate-
rials, A knowledge of the dielectric properties and electron interaction phehomena
of the materials applied to the exterior surfaces of a spacecraft is required in
order to determine the susceptibility of the spacecraft to the ambient as well as
the disturbed synchcronous envirchment. A comprehensive literature search was
performed by Wall and coworkers at Rome Air Development Center on spacecraft
insulating materials in the areas of electrical conductivity, basic mechanisms of
energetic electron interactions, (for example, secondary emission, backscatte- ,
range, etc.) charge storage and clectrical breakdown, The search concentrated
primarily on polymeric dielectrics. Although work has continued in these areas
for a number of years, much of the information has been generated only in the .
past 5 to 10 years and new data and theoretical approaches are appearing more
and more frequently, With the exception ol dielectric breakdown, much of the
data and theory needed to help solve the spacecraft chargin. problem except for
certain specific materials should therefore be available soon in the open literature.

In the next paper (IV<7), R.C. Adamo and J.E. Naneiicz of Stanford Research
Institute discuss photoconductivity effects in high voltage ".pace insulating materisls.
The dark and photoconductivity of various extérnal satellite dielectric materials is
an important factor in any synchronous oi bit charging /discharging situation, Re-
cent investigations of several typical and potential spacecraft insulating materials
Lave shown that the conductivity under simulated synchronous ofbit conditions as
well as the conditions required for electrical breakdown are a function of tempera-
ture, illumination intensity and wavelength, and electron beam energy and current,
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These authors indicate that many of their samples showed an increase in conduc-
tivity of several orders of magnitude, particularly at higher temperatures while
Kapton showed a change of five orders of magnitude under illumination, Adamo
and Nanevicz conclude that further materials investigations in this area are war-
rahted to help provide guidance and direction for future development efforts.

A technique for determining the ¢onductance of theérmal control coatings by a
contactléss method in vacuo is outlined by W. Viehmann, C.M, Shai and E. L.
Sanford of NASA Goddard (papet IV-8), In order to simulate orbital conditions
more closely, current-density-voltage (j-v) curves were obtained with the contact=
less method in which the paint on an aluminum substrate was the anode of a vacuum
diode configuration with a tungsten filament cathode. Conductances per unit area
which satisfy the ISEE requiremeént were observed on black paints containing carbon
and in "white" and green paints filled with zinc oxide which had beeh " fired" in
order to induce defect conductivity., Because of surface effects and the nonhomo-
geneous nature of paints, large discrepancies were found between meéasurements
with the contactless method and measurements employing metallic contacts, par-
ticularly at low current densities. Therefore, measurements with metallic con-
tacts were considered to be of questionable value in deciding the suitability of
coatings for electrostatic charge control.

D, F. Hdll of Aerospace Corporation describes the charging/contamination
experiment on the SCATHA spacecraft (paper IV-9), The ML-12 experimént, a
joint project of the AF Materials Laboratory and Aerospace Corp. is designed to
determine if spacecraft charging contributes significantly to the rate of contami-
nation arriving at exterior spacecraft surfaces, and some of the characteristics
and effects of the contamin~''on collected. The contamination transport mode
urider investigation involves the ionization of molecules outgassed or released by
the vehicle within the vehicle plasma sheath and their subsequent electrostatic
reattraction to the vehicle,

Two sensor types will be flown. One type is a combination retarding potential
analyzer (RPA) and temperature controlled quartz crystal microbalance (TQCM).
With it, distinction can be made between charged and uncharged arriving molecules,
and information concerring the temperature dependehce of contamination absorption
and desorption rates obtained, The other sehsor type exposes samples of different
spacecraft surface materials to arriving contamination and continuously measures
the solar absorptance (a ) of these materials, Changes in @y of space=-stable
samples will be enttrely ascribed to contamination effects whereas changes in
other samples will resul* from & combination of contamination, photochemical,
and radiation effects. Upon ground tommand, some samples will go through a

heating sequence designed to roughly determine the temperature at which contam-
inatton is desoerbed.
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In addition to describing the goals and techniques of ML-12 in more detail,
the expected performance of the sehsors and the need for coordination with other
expériments oh SCATHA are discussed in the paper,

Paper IV-10 by J, B, Reagan, W.L. Imhof and E, E. Gaines at Lockheed Palo
Alto Research Laboratory deals with the effects of energétic particle radiation on
spacecraft charging at geosynchronous orbit, In addition to the low energy, 5 to
50 keV electron environment at geosynchronous orbit which affects the external
dielectric surfaces of the spacecraft there is also a very intense, dynamic and
penetrating radiation environment, particuloerly at penetrating energies >1.5 MeV,
which is responsible for a va ..y of adverse charging effects on spacecraft com-
ponents, The most serious of these is the degradation and failure of the widely
used complinientary-metal-oxide-sémiconductor (CMOS) electronic components
as a result of internal charge-buildup induced by the energetic electrons., The
dose received by a CMOS device from energétic electrons and associated brems-
strahlung was predicted with two computational codes. The two> models were
found to be different by as much as a factor of six. Resolving these discrepancies
with the High Energy Particle Spectrometer experiment (SC-3) on SCATHA is dis-
cussed by these authors along with a review of the present discrepancies in the
radiation models and the corresponding influences on spacecraft materials and
component lifetimes.

Finally, a paper entitled "Electrical Discharges Caused by Satellite Charging
at Synchrohous Orbit Altitudes" by Nanevicz, Adamo and Shaw of Stanford Research
Institute was substituted for the paper originally scheduled (paper IV-11). This
paper which complements the earlier CTS Transient Event paper by Stevens et al
in Session I reports on some of the earlier, on-orbit measurements of satellite

discharge events.

SESSION V. DESIGN AND TEST

The papers in this section cover several subjects pertinent to the satellite
design engineer: environmental specifications, charge effect monitor devices and
several approaches in vehicle design to limit, control or prevent spacecraft
charging.

The paper by Bower provided an overview of the spacecraft charging problems
encountered by satellite systems and what must be done to circimvent these prob=
lems. The charging phenomenon is very geometry-dependent and therefore varies
immensely from satellite to satellite, but there are certain fundamentals which
can be considered, The surfaces of current on-orbit systems are almost entirely
dielectric, whether that dielectric is the 12 mils of cover glass over the solar
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cells, the 2 mils of kapton surface on multiple layer thermal blankets, or the

2 mils of cover glass backed by aluminum or silver used as second surface reflec-
tors. These surfaces become capacitors when electrons are deposited on them,
and in the enviroament described preliminarily by Stevens /Lovell /Purvis in the
third paper, they charge to the breakdown voltage. The subsequent discharge

and punch-through induces spurious signals in the cables between electronic boxes
with the possibility of upsetting the electronics or burning them out. This burti-
out must be a cohcern, but can be coped with by eliminating the charging and sub-
sequent discharging, by preventing couplifig into the cables through shielding, or
by designing immunity intc the electronics.

Conductive fabrics are currently béing deéfined and conductive polymeric
coatings for cover glasses are in the developmaent stagés, but they are éxpensive
and they may attenuate x-ray hardening in the case of military satellites., Con-
sidering the weight penalty of incteaséd shielding, current préférence is to design
immunity into the electronics. The lack of a data base around which to design,
however, leads to some over-design; in fact, most systems beihg designed today
utilize all three approaches to controlling charging and discharging. Fortunately,
but again only in the case of military systems, the design approach to solve
SGEMP and EMP problems may solve ESD problems, atid this is discussed
extensively in the papers by Smith and Holman and Ling. Lewis described the
design approaches used on two expérimental satellite systems. One, requiring
survival upon eftry into the Martian atmosphere, allowed operation with corona
but prevented arcing, while the other will be subjected to energetic particle
charging and subsequent arcing.

An approach to solving the problem after-the-fact (subsequent to design) is
presented by Gore. The extensive grounding, shielding and strict adherence to
EMI requirements proved successful on this Canadian/US venture.

The original problem of convincing satellite designers and operators that
some anomalous occurrences were indeed caused by arc discharge- triggered
trafisients was aggravated by the fact that no on-orbit record existed. In fact,
charge effect mornilor devices are not included on the majority of satellites
scheduled for launch iu the near future, Narevicz and Stevens et al discussed the
importance of establishing a one-to-oné correlation between system electronic
perturbations and the local environment, as well as how it can be done.

Rosen presented an approach to radiation susceptibility tests through pulse
injection on an engineering model of the satellite electrical system, and concludes
that the radiative purt of the problem is controllable by means of reasonable EMC
controls.

An entire spectrum of possibilities for limiting or preventing charging is thus
presented but the measures are expensive and much work remains in order to fully
understand the problem,
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INTRODUCTORY REMARKS

many common technology problems in both aeronautics and space, The natural
consequence of this realization and continually tightening budgetary
the lnterdependency program, Existing technology programs of mutual interest

were {dentified, Where one agency had more expertise in a specific area, it was
assigned the responsibility of providing the te¢hnology for both agencies,

constraints wag
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cases, ah agency has cancelled its program and traniferred funds to the respon-
sible agency, Where both agencies have desired to maintain programs, the pro-
grams have been jointly managed and the technical responsibility has been clearly
established. Although it has taken some time for programs to merge into an inter-
dependent mode, the concept is now being successfully e -oloited and benefits are
beginning to accrue. The obvious benefits of the interde, ndency program have
been to stretch the limited dollars availablé to both agencies, to reduce or elimi-
nate duplication, and to provide both agencies enhanced capabilities.

THE SPACECRAFT CHARGING INTERDEPENDENCY PROGRAM

The spacecraft charging USAF/NASA program is an excellent specific example
of interdependency. Since spacecraft charging has influenced the performance of
military, commercial and NASA satellites, it became a logical candidate for a
joint program. A program plan for USAF/NASA spacecraft charging investigation
was approved by Colonel Brooke and myself in November of 1975, It was planned
from the beginning to reflect true interdependency. Each element of the program
was assighed to either NASA or USAF with well defined accountability, The success
of the total program requires that both organizations execute their portion
successfully,

The objective of the spacecraft charging investigation is to provide the design
criteria, materials, techniques, and test methods to insure control of the absolute
and differential charging of spacecraft surfaces. This objective is being met by
conducting a combined flight test and ground techrology program. It is estimated
that the investigation will require another 4 years to complete.

The information generated in this interdependency program will be incorporated
into a design criteria handbook and test specifications which will be available to the
aerospace community, The handbook will catalog the materials behavior and
develop the criteria for minimizing the charge buildup. The specifications will
detail the procedures for testing satellites to guarantee that they will withstand
the environment without anomalies. It is planned that preliminary documents will
be available by late next spring.

SPACECRAFT CHARGING PHENOMENON

Spacecraft charging has come to be defined as the condition that arises when
the geomagnetic substorm environment changes the potential of satellite surfaces
relative to the space plasma potential. The charging phenomenon is usually
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thought of in assoclation with geosynchronous satellites, but it ean also influence
satellites in other orbits,

During the early 1870's, several synchronous satellites experienced spurious
switching activity, Somewhat later, experimental measurements on-bhoard ATS-5
suggested that the satellite could become charged to large negative voltagés by a
geomagnetic substorm. Through a detailed study of these anumalies and ground
ohservatory data, a link was established showing that the substorm condition and
the anomalies were occurring simultaneously, Laboratory tests were conducted
to demonstrate that the electromagnetic pulse from an electrical discharge of an
insulator could be coupled into the telemetry harness as a pseudocommand or as
noise. Continued studies of the phenomenon have resulted in the concept of dif-
ferential charging of satellite surfaces, in the demonstration of thermal control
coating degradation, and in thé possibility of enhanced contamination due to elec-
trostatic forces. In addition, the uncontrolled and unwanted electric fields hirder
scientific missions to measure low energy phenomena. The results of these : tudies
will be presented in the following sessions of this Conference,

THE CONFERENCE

In the next 3 days, you will hear discussions of what is being done to define the
geomagnetic substorm environment, of the analytical tools that are being developed
as guides to future spacecraft design, of the work that is underway to characterize
material responses, of the material modifications that are necessary to minimize
charging, and of the flight experiment aspect of the investigation, as a part of that
flight program, the USAF SCATHA satellite will be launched in 1979 to investigate
the charging phenomeénon in the actual space environment. You will hear in some
depth a discussion of the SCATHA satellite in the following talk.

By the completion of this Conference, I believe that you will have a general
ufiderstanding of spacecraft charging ahd what is being done to handle this phenom-
efion, You will see that the spacecraft charging investigation is a cooperative
effort between NASA and USAF to attain a goal of nationwide interest to designers,
experimenters and users of future spacecraft. Succescful czmpletioh of this joint
program will provide us with the capability to control the adveise effects of space-
craft charging on satellite operations and scientific incestigations, Such a capabil-
ity is essential to the development 6f the sophisticated lor :-1if2 satellites which
will serve us all in the future,
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Spacecraft Charging Technology
Conference, P78.2

Douglas F. Shane, L1/Col USAF
LA Air Force Station
Los Angeles, Califomia

1. OVERVIEW

The SAMSO Space Test Program (P78-2 Space Flight) is a vital portion of the
NASA/USAF Charging Investigation. As shown in Figure 1, various tasks are the
responsibility of a diversified collection of government and civilian agencies. The
materials portion of this program is to be accomplished by the USAF Materials
Laboratory and the testing of space vehicle models and experiment packages is a
venture of NASA Lewis and the experiment Principal Investigators. Environmental
work is being done by both the USAF Geophysics Laboratory and NASA. Other
agencies such as the USAF Weapons Lab are assisting in the evaluation of suitable
componefits to survive the natural radiation environment, There are some dozen
experiments which will be flying on the P78-2 space vehicle attempting to charac-
terize the natural environment and measure the buildup and bi eakdown of charge
on the various components of the space vehicle,

The Space and Missile Systems Organization itself is primarily concerned
with this phenomenon as a measure of the survivability of satellites. Although
military sporsored satellites are our main toncern, the problem is common to all
satellites, especially those in the hear-synchronous region. The P78-2 SCATHA
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Figuré 1. Program Plan

spaceflight itself is a validation of the modeling activities and a source of new
on-orbit data. The final product is a specification to be followed when designing
spacecraft so as to niegate or minimize the effects of spacecraft charging, that
is, a way to design and test satellites, and a confirmation that a spacecraft is
built such that it does not experience charge-induced anomalies,

Numerous approaches to the charging problem have been investigated already.
One method is to fabricate the spacecraft entirely from conductive material, How-
ever, this method has been shown to be enormously expensive for materials that
are (and remain) conducting, It is being successfully used for "one=-shot" applica~
tion, but in view of the numbers of satellites of various types flown — both military
and commertial - there must be a better way.
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2. OBIECTIVES

The objective (Figure 2) of this mission, in the most general sense is to pro-
vide data to program officeés (military and civilian) to insure that survivable space j
systems are designed, tested, and flown, The STP P78-2 mission is much more
confined than that, The P78-2 objectives aré to fly two types of packages, one
set associated with charging and one set concerned with materials effects, by pro-
viding a space vehicle which supports the payload objectives, and by operating ‘
that spaceéraft for a minimum of 1 year retrievirig and distributing data as -
requested by the experimenters,

SPACECRAFT CHARGING INVESTIGATION: 'i

PROVIDE SPACECRAFT CHARGING INFORMATION TO PROGRAM 4
OFFICES TO FACILITATE THE DESIGN AND TESTING OF SPACE 1
SYSTEMS

STP78-2 ;

TO LAUNCH AND OPERATE ON—ORJ3IT. THE SAMSO -402 SPACECRAFT
CHARGING AT HIGH ALTITUDES (SCATHA) EXPERIMENT, PLUS THE
MATERIAL LAB-902 THERMAL CONTROL 'CONTAMINATION AT HIGH i
ALTITUDES EXPERIMENT. ‘ !
¢ DETERMINE AND ANALYZE PAYLOAD REQUIREMENTS
e DESIGN, DEVELOP, FABRICATE TEST AND LAUNCH A SPACE 1
VEHICLE SYSTEM THAT MEETS THE PAYLOAD REQUIREMENTS
¢ INTEGRATE THE PAYLOADS INTO AN OPERATIONAL SPACE
VEHICLE SYSTEM
e OPERATE THE SPACE VEHICLE SYSTEM ON—-ORBIT FOR ONE YEAR
© COLLECT AND DISTRIBUTE REQUIRED PAYLOAD DATA

Figure 2, Missioh Objectives

In order to properly accomplish these objectives, it was first hecessary to
determine the experimenter requirements, no easy task with the dozen differerit
experiments on this mission. Next came the problem of designing and building a
space vehicle which supports those diversified requirements. .43 an aid to the
accomplishment of this task, 6 months was spent in a definition phase attempting
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to optimize the mission., It is also hecessary that the payloads and space vehicle
opérate in harmony and continue to do so for 1 year on orbit, STP will operate

the vehicle during that year and collect the required data which will be processed
and analyzed according to an integrated plan currently being developed. Eventually,
eac¢h experimetiter will profit from having the benefit of the combined data rather
than just his own,

3. MANAGEMENT.

From a management viewpoint (see Figure 3), the SCATHA missiof is quite
different from previous STP missions, Although the program is curreritly
assigned to the Space Test Program during the flight Demonstration Phase, it
originated within the Survivability Diréctorate and after the Launch and Orbital
Operations Phase will return to Survivability. To assure continuity, Survivability
personnel are currently assigried to the program full time within STP and those
personnel will revert to Survivability with the end of the space mission. The
overall Mission Manager function is filled by STP pérsonnel.

Consulting agencies and the Aerospace Corporation provide support for the
overall mission. The Genéral System Engineering and Technical Direction role
is performed by the Aerospace Corporation for the Space Vehicle fabrication and
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Figure 3, Organizational Chart
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testing, An Application Task Group composed of representatives from Aerospace
and consultants provide similar support for the scientific aspects cf the mission,
A’Project Team has also been formed to coordinate the requirements of the
individual experimenters. The composition of these various teams fluctuate
according to the particular mission phase, The Project Team has proven abso-
lutely invaluablé during the spacecraft definition phase. Requirements have been
modified in a spirit of cooperation to optimize the mission from an overall scien-
tific approach, Data is the real output of any spaée mission and the P78-2 Inte-
grated Data Analysis Plan will mesh the efforts of SAMTEC, AFGIs;, and the
individual experiment Principal Investigators to furnish the maximumi of data with
a minimum of processing and analysis expense. Control of the vehicle on orbit is
through the USAF Satellite Control Facility,

NASA Lewis Research Center and the USAF Geophysics Laboratory support
the mission in terms of the overall modeling effort,

The Space Vehicle Systéem Coitractor is the. Martin Marietta Corporatich in
Denver, Colorado. Techhical s‘upport'at the contractor facility is the responsi-
bility of the AFPRO.

The launich vehicle is a NASA Delta 2014 under the responsibility of NASA
Goddard Space Flight Center.

The mission will be supported by SAMSO/Laurch Vehicles and the 6595th
Aerospace Test Wing and SAMTEC at Vandenberg AFB, CA. The 6555th Aerc-
space Test Group is the USAF orgr.nization which will oversee the preparation
for launch at the Eastern Test Range at Cape Canaveral,

4. SPONSORS

See Figure 4. The USAF Systems Command is sponsoring 6 experiments,
SC 1 and 2 are being built by the Aerospace Corporation at SAMSO., AFML 12 is
also being built by Aerospace. The USAF Geophysics Laboratory is providing
SC 4, 5 and 6. . Three expéeriments are being spohsored by Office of Naval
Researca., SC 9 is being supplied by the University of San Diego. Lockheed Palo
Alto Resedrch Laboratory is providing SC 3 and 8, NASA Goddard is sponsoring
SC 10 and 11. NASA Marshall Space Flight Center is sponsoring SC 7,

The development of the Space Vehicle Trafisient Pulse Monitor will be man-
aged from our program office.
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OFFICE OF NAVAL RESEARCH :
o UNIVERSITY OF CALIFORNIA AT SAN DIEGO
$CO — SAN DIEGO PARTIELES DETECTORS
e LOCKHEED PALO ALTO RESEARCH LABORATORY
SC3 - HIGH ENERGY PARTICLE SPECTROMETER
S$CO — LOCKHEED ENERGETIC IOM SPECTROMETER
NATIONAL AERONAUTIC AND SPACE ADMINISTRATION
o GODDARD SPACE FLIGHT CENTER
$C10 - ELECTRIC FIELD DETECTOR
SC11 - MAGNETIC FiELD MONITOR :
® MARSHALL SPACE FLIGHT CENTER
$C7 — LIGHT 10N MASS SPECTROMETER
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Figure 4, Sponsoring Agencies

5. PAYLOADS

Figures 5 and 6 portray the engineering payloads and the energy range of
the various particle detectors along witin the Principal Investigators. It should
be evident that a complimentary group of experiments has been selected which

cover the energy spectrum. The mission should provide a means of compléte
investigation of the environment,
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6. ORBITAL PARAMETERS

The final orbit parameters are currently as follows:

Apogee 23,10C nm
Perigee 15, 030
Inclination 2,5°
Ascending Mode 0°

Drift 6°/day nominal

Figure 7 depicts the orbital parameters graphically but fails to portray the
desire to have apogee at local tidhight during the eclipsé season. The period is
23, 54 hr and approximately 12, 62 ht of éach revolution are spent above synchron-

ous altitude.
An Orbital Requirements Document and Operatiorns Plan will be available

in January of 1978 which will provide the detailed mission timeline.

AY
FINAL ORBIT

Ol-ORBIT OPERATIONS

OPEAATIONAL MOOES
RECORD
REAL TiME

PERIGEE

p— g
—— — TRANSEER ORB! 1 ecLIpPSE "Emobs
SFER ORI SEP2 OCT15  825MINUTES MAX
FEB 20 - APR21 SBOMINUTES MAX

SPIN AX1S PRECESSION
T0EG EACH 7 DAYS

vs1 APOGEE IND APOGEC aTHAPOGEE — |

23.100 M

LAUNCH 1 g

INJECT 23100x 15038 P

7~ .
striset | 7 \ 2S0tCImEL 2 \\ 7

160 N

INOIAN us INOIAR us
OctAN . oteAn !

Figure 7. Orbital Paerameters

7. SCHEDULE
Figure 8 portrays the program master schedule,
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1. The Plasma Environment at
Geosynchronous Orbit

Shemman E. DeForest
University of Califomic, Sen Diego
La Jotla, Califomia

1. INTRODUCTION

The scope of this paper is two-fold:

(1) To present a picture of the magnetosphere about geosynchronous orbit
(GSO) to the nonspecialist, and

(2) To introduce a preliminary model which should be of use to spacecraft
designers as well as certain others,

The emphasis of both the environmental discussion and the model presentation
is to give information to investigators who are not necessarily engaged in magneto-
spheric research.

In designing this type of presentation, one must first ask, "why is it impor-
tant?', and "who is the audience?'. For purposes of this presentatioh, we assume
that the importance of the plasma envirohment is due to the fact that it interacts
with spacecraft surfaces to produce electrostatic charging, We will give only
nodding recogriition to the important and exciting geophysical implications of the |
plasma dyrniamics at GSO. Similarily, we will assume that a large fraction of the ’
intended audience will not be intimately familiar with the specialized jargon of the |
magnetospheric physicist,
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Finally, we acknowledge that this paper presents work in progress and that
the matiy gaps in our understanding of the conditions of GSO will not be closed
until after the GEOS and SCATHA missions are successfully completed,

The magnetosphere is a very complicated place, and GSO is located at the
boundary of several distinct plasma regions, As can be seen from Figure | -
which is a new version of a much used figure by W, Heikkila — the low altitude
plasma is a low-temperature relatively higli-density region, called the plasma-
sphere (a temperature of a few electron volts and densities of 10-1000 particles/

—f cms, see Chappelll). Higher altitude plasma in general is much hotter and less

‘ dense (1000's of electron volts 4nd 1 particle/cm's. see DeForest and Mcllwain?),
This is generally called the plasmasheet. Much of the physics governing space-
craft charging at GSO is determined by the interplay of these two regions as they
move in and out past a spacée vehicle,

% l".".ig' -
L -2

Figure 1, Magnetosphere (after Heikkila)
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During geomagnetically active times, all the boundaries shown in Figure 1
tend to move inwards. This means that the magnetopause can occuslonul}y pass
inside at GSO and expose a vehicle there to the magnetosheath particles, 3,4
Russell (private conversation) has estimated that approximately 3 percent of the
time a vehicle at GSO will be in the magnetosheath, At least one, ATS-5 was
actually exposed to the unshocked solar wind, 5 No operating anomalies are known
to be associated with these transitions. And since the characteristic energies of
the magnetoshéath particles are much lowet than those of the plasmashee’, no
further discussion of these regions will be presentéd here, However, a complete
model must take thiese régions ints account,

2. GENERAL MORPHOLOGY AND DYNAMICS

2.} Globul Variations

Although the theory of plasma dynamics in the magnetosphere is still being
developed, rather simple considerations can be used to predict that the plasma-
sphere should not be spherically symmetrical at all, but should bulge on the dusk
side. This has been shown repeatedly by both ground-based and in situ measure-
ments. 1,6,7 Furthermore the boundary, called the plasmapause, moves inward
with increasing activity, As a generzl .ule, features of the plasmasphere co-
rotate or nearly co-rotate with the earth until they dissipate and can no longer be
observed. Also as a general rule, the density decreases strongly with increasing
equitorial altitude. These rules are very approximate sirce we are really discus-
sing a type of weather.

Since the plasmaspheric particles are not very energetic, their motions will
be predominantly determined by local electric fields. This is contrasted with the
more energetic plasmasheet particles which tend to be dominated by magnetic
effects,

This difference in the dynamics of the two populations also determines certain
differences in the nature of their spectra. Plasn .sheet particles appear suddenly
in injection e\retits2 which have a one-to-one correlation with ground based sub-
storms.s' 9 After injection, electrons gradient drift to the East and the ions grad-
fent drift to the West. The speed of the drift is proportional to the energy of the
particle, At lower energies, these motions get modified by electric field effects.
The net result is that even though the plasma is Maxwellian at the injection, the
nature of the particles that will strike a vehicle surface depends strongly on where
that vehicle is with respect to the loeation of the injection. In general, a vehicle
will encounter high fluxes of electrons between midnight and dawn. This is simply
becduse they move that way shortly after injection, Contrariwise, excess energetic
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lons can be encountercd in the premidnight sector. This latter situation has not
proven to be as hazardous to apacecraft operation as the former, Therefore, we
will tend to emphasize the electron dynamics in what follows.

The electric fields present at GSO have not been measured directly, but they
are of the order of mV/m. From this and the condition stated above, one can
conclude that gross charge neutrality always holds for the plasma, That is, after
an injection, a polarization field is set up as the particles try to gradient drift
apart. This field then affects the saa of low-énergy particles in such a way as to
' reduce it,

N The magmnetic field has been measured at GSO by a variety of space vehicles
= and is therefore reasonably well-known.
Using plasma data from .:TS, Mcllwain1? derived a best fit static electric

o field for the magnetosphere after an injectlon* as shown in Figure 2, Note the
i closed field lines which bulge on the dark side. This delimits the approximate
. plasmapause,

With both electric and magnetic fields in hand, Mauk and Mcllwain!! could go
one step further and show that injections occur with a sharp well-defined spiral
boundary, This is shown in Figure 3. This boundary moves in and out with geo-
magrnetic activity in a quantitative way. Corfirmation of the existence of this
bounidary has been provided by Konradi et a1}? in their studies of EX 45 data.

This boundary can be used to predict approximately where a space vehicle will
first encounter hot electrons and thus might become a useful tool for operational
“ spacecraft, However, the calculations needed to make predictions cannot now be
) made on-line. Perhaps this will be a fruitful area for future research.

2.2 Time Variations

Substorms (or plasma injections) tend to occur approximately every three
hours. Only rarely will a period as long as a day go by without any significant
activity, 13 The giant storms which attract popular attention by creating bright
aurorae at latitudes which are heavily populated and by affecting radio transmis-
sionis are composed by several substorms occurring in so rapid a succession that
the magnetospl.ere does not have time to recover between them., Then each suc-
cessive injeelion delivers particles deeper in. Both periods of extreme quiet and

g’ extreme activity can be predicted with some accuracy by solar observations. The
= & same is not true of substorms, Whipple (this conference) has stated that he believes
— that a suitable precurser can be found for substorms, and Rost.al«ex*l‘1 has

" .
s Actual fields during injection are undefined and during very quiet times the field

at GSO is much smaller than shown here, Therefore, this field is at best a use-
ful approximation,
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Figure 2, Electric Fields by Mcllwain
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Figure 3. Injection Boundary (Mauk and
Mcllwain)
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postulated a certain type of wave activity before a substorm based ori observations
from standard ground-based magnetométers.

On the longer time scale, the frequency of all kinds of geomagnetic activity is
determined by the solar cycle and we are approaching a solar maximum so we can
expéct more activity it the next couple of years,

Recent wbrkls has shown that there might be periods whett the sun is very
quiet and no sun spots or auroral activity is seen for tens of years. This is cur-
rent research, but we are unlikely to enter such a quiet condition in time to affect
design of present day spacécralft.

Time variations with periods muéh shorter than assdéciated with substorms
are probably not global in nature, but localized events as discussed in the next
section,

3. DETAILED OBSERVATIONS AND EVENTS

3.1 Observations

‘The direct rieasurements of the plasina distribution function at GSO are very
limited. In spite of the great popularity of this orbit for opérational spacecraft,
only three semiresearch oriented space vehicles have flown there (ATS-1, 5 and
6). Many spacecrait have made cuts through this region, but since these cuts
come at large intervals (for example, 2 days) and last for only minutes, they do
not allow detdiled studies. Low altitude-high inclination vehicles can detect par-
ticles that will traverse the GSO equitorial region, but uncertainties about the
proper mapping make inferences difficult (and a fruitful area for further research).

Although a low-energy instrument was carried on ATS-1, 16 it did fiot have the
energy resolution necessary to measure the spectra. This means that most of our
information comes from the UCSD ifistruments on ATS=5 ahd 6. We eagerly await
the observations of GEOS {launch in Spring 1977) and SCATHA (launch in Fall 1978)
to augment the data base. Of particular interest will be the mass spectrometer
results and the various field measurements.

3.2 Waves

Many classes of waves exist in the magnetosphere with periods of many sec-
onds to VLF waves., Some theorists would even consider substorms a wave
phenomena.

It is far beyond the scope of this paper to review the types of waves that have
been observed. Therefore, we will present a single example of a type of wave
which might te able to affect spacecraft operations. This {s a Pcd wave of the type
which has beén seen on geosynchronous spacecraft eqiiipped with magnetometers
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for quite some years, 17 However the work shown heré — which is taken from a
paper being prepared by DeForest, Cummings, and McPherson for submigsion to
the Journal of Geophysical Research — is the first observation when both particle
and field measurements were available., The spectrogram ifi Figure 4 shows the
modulation produced in a detector parked looking West during the wave event
(readers unfamiliar with spectrograms should refer to the description in DeForest
and McIlwainz). Fortunately, this detector was parked while another detector
faced East and a third looked radially outward. This allowed us to calculate the
flow velocity implicit in the modulations, From that informatioti and the known
magnetic field, the complete wave can be described. (Strictly speaking, onhly the
component of flow in the plane of the detectors is measured.)

The part of this typé of wave which really concerns the spacecraft designer is
that the modulations in Figuré 4 represent flows of 150-200 km/sec with a period
of 150 sec, By comparison, a 50 eV proton has only a speed of 100 km/sec. This
means that first onhe side o1 ihe space vehicle than the other will experience a
depletion of the lowest energy particles. We do not know yet what effects this
might have.

We expect with the launch of SCATHA to detect waves interactions all the way
up to VLF frequencies. Such waves niight be able to couple directly into space-
craft Harness and change logic states.

3.3 Field Aligned Fluses

One of the outstanding discoveries of ATS-6 is the occasional presence of
intense field-aligned fluxes of electrons. 18 petailed studies of the general anisot-
ropy are still in progress, but the situation at present is that a well-developed loss
cone can exist for high-energy particles at the same time that a "source cone" or
field-aligned flux exists for lower énergy particles. Similarly, the electrons can
show excess field-aligned fluxes at the same tiine that the ions show a loss cone.
Examples of these situations are shown in Figures 5 to 8. These were taken from
a talk given by Mauk. 19

We do not yet know how these anisotropies fit into magnetospheric dynamics.
Even worse, we are unable to quote good statistics on their occurrence since
whether they are observed or not is in great part an artifact of the orbit and orien-
tation of the detector.

Ilowever, we do know”" that the fluxes of field-aligned electrons can at times
completely dominate the charging in cavities at the ends of spacecralft. This is
true even though the total anisotropic component is small compared to the isotropic

20

componen',
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3.5 Coniments

We are still finding new pl a phenomena at GSO, We understand the ove. -
all patterns fairly well and are making progress on understanding such things as
waves, But ohe must always rémember that this is a very complex envirohment,

When certain classeés of operating ahomalies fail to correlate with substorm
injections or other inditations of activity, the reason might simply be that the
spacecraft was inadvertently oriented in a manner that protected it. Next time
around the spacecraft might slew in orbit or the magnetic field might tip. The
new type of anomaly might be recorded. Since operational spacecraft do not nor-
mally carry either environrental monitors or even local noise counters, the r~-1
causé of the event can only be guessed, and that guessing can be very expénsiv

A convenient comparison is to say that substorms are like the earthly thunder-
storms that we can predict and understand reéasonably well.. Many of these uhusual
events are like tornados. We understand a little about thern, We know they are
associated with larger events, and the¢y are potentially dangerous.

4. MODEL

The general problem of modeling this environment is quite difficult because of
the inherent complexity of plasma interactions, One cah easily name 21 different
independent parametérs that would have to be specified as a function of time to
represent the environment. And that would be possible only by assuming a
Maxwe'lian distribution for the various constituents.

The particular problem of providing a simple model to the spacecraft designer
is also difficult since blindly specifying the worst case for all parameters could
result in severe overdesign and waste,

The initidl model proposed in this study was to select representative days
from the five years of dvailable ATS-5 data and add to this a model of field-aligned
fluzés and low-energy plasmas that had beer derived from the more receiit ATS-6
data. This approach has the benefit of providirig users with real data suitable for
computer modeling in a relatively quick and low cost way,

Six days have been piclked which have examples of many differeiit types of
activity,

However, the poteritial users at this confererice have expressed a desire for an
even simpler environmental specification even though they realize it would not be
as definitive. Therefore, we are currently reassembling the available data to
assemble such a simplified model in a timely fashion.

One observation that can be of use is shown in Figure 9. Data for a whole
yé‘ar were scanned to find those substorms which occurred in the immediate
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vicinity of ATS-5. Then the measured énergy flux was plotted against the number
flux. Far from being random, the poinis are well-ordered, if somewhat confusing,
A slope of 1 on the figure would indicate a constant temperature. That is definitely
not the case, but no suitable explanation for the shape has yet been proposed, Still
we cdn [it a curve to these points and eliminate at least orié variable in the model.
We will use such simplifications and assumptions to derive a probability of
encountering fluxes above a given level, Then the designer ¢ah determine an
appropriate design specification based o his particular mission, The exact form
of this simplified specification has not been determined at the time of this writing,
but we hope to compleéte it before the end of the year. Work will cofitinue of the
more complete model, but only after the simplified version has been distributed.
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Appendix A

Prelimintry Edvionmentdl Spucilicotion for Geosynchronous Orbit

1. OMNVIDIRECTIONAL ELECTRON FLUAES

Data for a complete year (1970) were scarned using ATS-5. The relative
occurrence of number fluxes greater than any amount was computed and is shown
in Figure Al, The data included in the figure are not all injections, but only those
that occurred in the immediate vicinity of the spacecraft and hence did not have
time to disperse by gradient drifting before the measurement was made. The last
measured point is at 1.5 X 10-‘1 p‘art/cm2 sr sec, The curve has been arbitrarily
extended to 100 percent at 10-6. From this curve, we can defirie two relevant
flukes:

(1) 10'3 part/cr’n2 sr sec for typical exposure.

(2) 10~2 part/cm” sr sec for extreme exposure.

The second limit is somewhat arbitrary, but should be a safe desigh limit.
The probability of exceeding ].()"2 in a year is probably less than 1 part in 104.

Using the electron correlation data of the main text, we can now estimate the

corresponding energy fluxes as:

Number of Occurrences

0 4007
0 ___......._--——_____.J.__,A,._._A._————__x_..__‘ W

102 108 104
Ju (partictes /cm® s séc) 106
Figure A-1. Relative Occurrence of Number

Fluxes Greater than any Ainount.
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(1) 16 e.-rg/cm2 sec eV (averagé ehergdy = 16,000 ev).

(2) 770 et'g/cm2 sec eV (average energy = 77, 000 ev),

The worse case from the spacecrafl chargihg view probably comes when this
electron flux is neutralized not by the corresponding injected ion flux, but by lower
energy ions. If we assume that the sunlit side of the vehicle is held at ground while
the dark side is bombarded by these fuxes, then the inaximum electrostatic stress
is placed on the surface,

3, UNIDIRECTIONAL ELECTRON FLUXES

To simulaté electrostatic fluxes that might be placed on surfaces lining cavi-
ties on space vehicles, one should assume that the wholé surface is held to ground
while the cavity is exposed to a 3. 5° wide electron beam, Since as was also shown
in the text, the ions can be deficient in the classical "loss" cone, we take as a
limit, no ions at all. Theh we can use the work c¢ited earlier (reference 20) for
typical and worse cases.
(1) Typical
Flux = 2 X 109 electrons/cm2 sec
E = 220 eV

(2) Worst Case
Flux = 3.5 X 108 electrons/cm2 sec
E = 2200 eV .

The user is warned that the statistics on the occurrénce of these field-aligned
fluxes is still poor. The numbers above are based on 20 events. The second event
was named as worse case because of the higher energies. A more conservative
approach might be to assume both the higher flux and higher energy occur simul-
taneously even though this has not been observed.

3. USE OF THIS MODEL

The numbers presented in this appendix are not meant to represent an envi-
ronmental specification in any final sense, They are meant to give typical ahd
maximum fuxes that might reasonably be expeéted so that designers can at least
make a start without utilizing a full computer simulation. Special events such as
rapid flows, waves, or fluxes of heavy ions will be considered in the more devel-
oped models to follow,
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2. Composition of the Hot Plasma Near
Geosynchronous Altitude

R. G. Johnson, R. D. Sham, and E. G. Shelley
Lockheed Palo Alto Research Laboratery
Palo Alto, Califoinio

Abstract

Alth)ough there have been no direct measurements of the composition of the
hot (keV

Plasma at geosynchronous altitudes, the combination of other observa-

tions lead to the conclusion that, at least during geomagnetically disturbed periods,

there are significant fluxes of lons heavier than protons in this region. Ion com-

pos ltio_p measureéments below 8000 km altitude show upward streaming fluxes of
an

ions in the L-region of the geosynchronous orbit, These observa-
t ast a portion of the total fon fuxes
observed at geosynchronous altitude to be highly

I, INTRODUCTION

Quantitative measurements on the ion com

position of the hot (keV) plasma near
geosynchronous altitude have not yet been per

fo_l"n‘ied. Thus, the plasma composi-
tion in this region of the magnetosphere must be inferred pri

tion information obtained at other locations in the magnetosp
work of Shelley et all it was generally believed (or assurhe

marily from tomposi-
here. Prior to the
d) that the dominant ion
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apecies in the hot magnetospheric plasma was always hydrogen (H*) and that the
source of the ions wag the eolar wind., There is increasing evidence that energetic
oxygen (() ) and helium (He ) ions of ionospheric origin are frequently significant
components in the hot plasma and that during geomagnetically disturbed conditions
0" tons may be the dominant hot plasma ions in some regions of the magnatosphere.
Satellite measurements at low altitudcs (near 800 km) during magnetic storms have
shown that large fluxes of O% ions in the energy range 0. 7-12 keV are precipitated
along with H* ions from the magnetosphere at magnetic L-shells corresponding to
the regicn of geosynchronous altitude. 2,3,4 Satellite measurements at intermed-
iate altitudes (near 8000 km) have shown that large fluxes of O+ and H' ions in the
kev range are being accelerated out of the ionoSphere and injected into the magneto-
sphere over a wide range of magnetic L-shella ' 6,7 Under certain impulsive
magnetospheric conditions which produce velocity dispersion of the trapped ions,
measurements at geosynchronous altitude indicate that ions heavier than protons
are present in the kilovolt energy range. 8 Thus, it appears likely that significant
fluxes of ions other than protons are present near geosynchronous altitude at least
for some magnetospheric conditions. In this paper, discussion of the composition
of the hot piasma is limited to particle energies less than 50 keV since the dominant
plasma density and energy near geosynchronous altitude is produced by particles

in this energy range. Composition measurements at higher energies and their
importance to magnetospheric processes have recently been reviewed. 9

The importance of knowing the ion composition of the plasma and the detailed
energy and angular distributions of the ion species for modeling the secondary
emission effects, current balance, sheath characteristics, ete., during space-
craft charging events is discussed in several other papers in this proceeding and
will not be reviewed in this paper. However, for highly anisotropic ion fluxes and
certain spacecraft configurations it is possible to have limited regions of a space=-
craft acquire a large positive potential with respect to the plasma, in contrast to
the large negative potential generally observed and discussed. This possibility of
large positive potentials will be discussed in conjunction with the observations of
intense ion fluxes aligned nearly parallel with the geomagnetic field direction.

For the purpose of the present discussion, the information presented on the
composition of the hot plasma in the magnetosphere will be divided into the three
general categories of low, intermediate, and high altitude sutellite measurements,
The reported observations and plasma tomposition results in these altitude regions

are briefly reviewed and their significance to the gevsynchronous altitude environ-
ment is discussed,
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2. OBSERVATIONS AT LOW ALTITUDES

The most extensive measuréments on the composition of the hot magnéto-
spheric plasma have beén obtained with an ion mass spectrométer aboard the
polar orbiting 1971-089A satellite near 800 km, The satellite was threeé-axis
stabilized with one axis always aligned near the earth's radius vector. The ion
mass spectromeéter was oriented at 55° to the zenith and thus nearly always sam-
pled ions precipitating from the thagnetospliere into the atmosphere. The spec-
trometer covered the energy range from 0.7 to 12 keV and the mass range from
1 to 32 AMU and the data were acquired primarily during the period from October
1971 to December 1972,

The most prominent ion observed other than H' was o'. The o' intensities
were largest during principal magnetic stortng? but significant fluxes were also
observed during magneti¢ substorms, 10 A detailed study of the motphology of the
O ions during the rather classic 17-18 December 1971 magtietic storm has been
made afid reported in thé literature, 2, Figure 1 from Shelley et a1l shows H*
and 0" data from 6 consecutive satellite traversals of the nightside (0300 L.T) high
latitude regions during the main phase of the storm. The ordinate is approximately
proportional to the integral number flux in the instrument efiergy range from 0.7
to 12 keV. The principal features of note are: (1) the OF fluxes at L-shells (near
L = 6.6, AL = 67°) corresponding to geosynchronous altitude can be comparable in

intensity to the H* fluxes, (2) the latitudinal disiributions of both species nave
significant structure and vary from pass to pass, and (3) at a given location the
relative composition of the flux changes from pass to pass.,

The locations in magnetic latitude of the O and u* precipitation regions
throughott the time period of the magnetic storm are shown in Figure 2, 10 The
integral energy flux of the 0" and H ions was computed over the latitudinal range
40° < A < 80° arid the circle for the H* ions and the square for the 0% ions in
Figure 2 represents the 50 percent poifit in the zone integral with the bars repre-
senting the 10 percent and 90 percent points in the same integral. From this figure
it is seen that significant 0" precipitation is frequently occurring during the storm

at magnetic latitudes (near A = 67°) corresponding to the geosynchronous altitude.

The latitudinal dependeiice of the average precipitation intensity during the
entire period of the storm (0532 UT onh 17 December to 1146 UT on 18 December)
is showti in Figure 3, It is seen that at maghetic latitudes near 67 degrees the 0"
and H* fluxes are comparable when averaged over the storm and that the 0" ion
intensities exceed the proton intensities below §5° magmetic latitude,

The energy distributions of the precipitating ot and H* fons were found to be
highly variable at all magnetic latitudes, 1 The average energy for the 0" ions in
the ‘measured energy range during the storm-time period is shown in Figure 4 and
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Figure 3. Latitudinal 7ariation of the
Energy Flux of O" and H* Ions During
the Time Period 0532 UT ont 17 Decem-
ber to 1146 UT on 18 Pecember 1971
(From Johnson et all9)
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Figure 2. Locations of the Precipi-
tation Zones of Ot and H* lons
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is seen to be about 5 keVnear the magnetic latitudes appropriate to the geosynch-
ronous location,

To asséss the local time dependence of the OF precipitation during magnetic
storms, a synoptic study was made of data from one year's opération of thé ener-
getic ion mass spectromeéter aboard the 1971-089A 'satelllte.‘i Data were utilized
from three orbits in each of eleven printipal magneti¢ storms during the period
from December 1971 to November 1872. O ion precipitation was observed during
each of the storms. Thé latitudinal extent and local magnetic time distribution of
the 0" regions are shown in Figure 5 from Shelley et al. 4 The dot indicates the

_2400

0900 1300

0
LaT

Figire 5. Polar Plot in Invariant Latitude ahd Magtietic Local Time of the
Pegions of Opserved O* Precipitation During 11 Major Storms (From
Suelley et al?)
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position of the maximum flux intensity during each pass and the lines indicate the
position of the pass during which the flux was above the spectrometer sensitivity
threshold of about 2 x 10° ions/cmz-sec-sr. From these data, it is scen that o'
fluxes were frequently observed at the géosynchronous L.-shells at essentially all
local times, except for possibly a few hours near 1200 local magnetic time. The
peéak [luxes were typically in the rarnge 5 ¥ 10° to 4 v 107/rm2-sec-sr. The O*
peak intensities near noon were found to be, on the average, about a factor of ten
lower than near the midnight sector. 4

Precipitating O' fluxes have been obsérved with the same spectrometer in

10 The peak intensities were in thé range of

association with magnetic substornis.
3 x 1()5 to 3 x 106 iofis /cm2 -sec~-st and were obsérved at L-shells corrésponding
to the geosyrchronous altitude, ‘

Precipitating fiuxes of He' and He'™ were also observed with the 1971-089A
satellite on L-shells corresponding to geosynchronous altitude. 11,12 the Het and
He' ' fuxes were observed much less frequently than the 0" fluxes and their
intensities were much less than those typically observed for the o' ions during
magnetic storms. However, based on ion lifétime considérations ’I‘insley13 and
Lyons and Evans 14 conclude that He™ is most likely the dominant ion ih the late-

time ring current..

Rocket measurements with ion mass spectrometers at altitudes below 1000 km
have also shown the presence of energetic He' and 0‘L ions in the magneto-
sphere. 15,16 These measurements have been made near Ft., Churchill, Canada
and thus have been limited to the high magnetic latitudes near L = 9.

3. OBSERVATIONS AT INTERMEDINTE ALTITE DES

Preliminary results are now available from an energetic ion mass spectrom-
eter experiment aboard the spacecraft 1976-65B which is in an elliptiqal polar
orbit with apogee near 8000 km, 5 The spacecraft is spinning and provides for the
first time detailed pitch angle distribution measurements with identifiable mass-
per-uhit-charge. The experiment covers the enetrgy-per-unit-charge range from
0.5 to 16 keV and the mass range from 1 to 150 AMU,

o' and H" ions are frequently observed streaming upward along magnetic field
lines with intensities of both O and H* often found to be near 108 ions /cmz—sec-sr.
The upward streaming ions have been observed over all the local magnetic time
range thus far examined from 0900 to 2200 hours. The latitude distributions of
these {or.s have not been determined in detail but during magnetic storms upward
streamiag fluxes in the evening sector are frequently observed in the range of 65°




to 70° magnetic latitude, thus spanning the L-shell regions at geosynchronous
altitude. During the 24 August 1976 magnetic storm, upward streaming H' and O'
fluxes were observed continuously over a latitudirial extent of several hundred
kilométers.. The energy distributions of the ions extended to at least 8,5 keVand
the 0" energy spectrums were frequeéfitly harder than the u* spectrums, 6 The
upward streaming ion fluxes aré observed during quiét as well 4s disturbéd mag-
rietic periods.

The angular distributions of the upstreaming ions are often sharply peaked
along the magnetic field lines. A typical example of this® is shown in Figure 6 for
a ségment of data acquiréd in the fiorthern auroral region 4t a local time of about
21 hours on 13 July 1976. The relative flux intensities of the o' and H' ions are
plotted versus time and can be comparéd with the look direction of thé instrument
rélative to the magnetic field direction (upper panel) as determined from the on-
board magnetometer. The energy-per-utiit~-chatge of the measured ions is also
indicated above the O* panel. One can readily sée the sharply peaked ahgular
distributions of both the O and H* ions. The peak upstreaming o' flux observed
corresponds to about 108 ions/cn?-sec-sz"-kev. The lowest panel shows the
response of the electron detéctor which sampled the energy range 0.35 <E =< 1. 13
keV, The deep minima in the electron flux at pitch angles corresponding to the
atmospheric loss cones are clearly evident at the same locations as the ion peaks,

The forégoing type of angular distributions for the ions and éleéctrons could
lead to a tiet positive upward streaming flux at ahgles near the magnetic field
direction. If an anistropic flux of this type is incident on a spacecraft with a hole
in the outér skin, thén a noncohducting surface on a component ihside the skin and
on the same magnetic field line as the hole, will become positively charged pro-
viding the hole subtends an angle {rom the component surface equal to or less than
the pitch angle range over which the positive fon flux is larger than the electron
flux. Assuming that the electron flux is higher than the ioh flux at theé larger pitch
angles (which is typical), then a largé negative potential could be formed on the
compohent surface adjacent to a large positive potential, This configurdtion is
illustrated schematically in Figure 7, and to simplify this example, the sécondary
electron emission from the surface is assumed to be fiegligible, The surface
position L on the¢ compohent lies along the magnetic field line through the hole ih
the spacecraft skin. Argles 1, and 1, are taken to be less than the pitch angle
range over which the ton flux is greater than the electron flux so that a positive
potential will occuir at position L. Position N illustirates a surface region at angles
between ny and n, to the magnetic field direction where the elec¢tron flux {s larger
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PINHOLE CAMERA CHARGING EFFECT
IN AN SOTROPIC HOT PLASMAS

SPACECRAFT SKIN

ANISDTROPIC
HOT PLASMA
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e ~/:nl > M (ZERO POTENTIAL)
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DIRECTION
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Figure 7. Schematic Drawing Illustrating the Geometry for the
Pithole Camera Charging Effect in Anisotropic Hot Plasmas

than the ion flux. At this position a negative potential will occur. At some posi-
tion, M, between N ahd L the electron and ion fluxes will be equal and a zero
potential will occur. It can be seen that the surface charging at éach position on
the surface is related to the pitch angles subtended at the hole in the skin and thus,
in analogy to pinhole cameras for electromagnetic radiations, this will be referred
to as the "pinhole camera charging effect." Although it has been illustrated for a
net positive flux along the field line, an anisotropic electron flux will also produce
a potential gradient across the surface in essentially the same way. Ancther case
to consider in relation to the pinhole camera charging effect is the one in which
the spacecraft skin is charged highly negative. In this case, the anisotropic ion
flux could be produced by the acceleration of the ions along the field line by the
spacecraft surface potential, while the electron flux reaching the spacecralt sur-
face at angles near the magnetic field difection is reduced oy the negative potential

of the surface.

1. OBSERVATIONS AT SYNCHRONOUS ALTITUDE

Extensive measurements on the electron and total ion characteristics of the
hot plasma at geosyhchronous altitude have been made with instruments aboard the
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ATS-5 and ATS-6 satellites, ' 18 Although the instrumentation could not distin-
guish the fon species, analysis of bouncing clusters of fons duritig some types of
trafisient events can provide information ot the ion massés, In two cases,
Ivlclll\'mtl’i8 reports that the data are best fit if tie* or O icns are assumed for the
cluster ions, but quantitative values for the fluxes are not reported,

Angular distribution measurerments on the ATS-6 satellite show that the ion
fluxes below 10 keV are ofteri enhanced at small pitch angles, 18,19 An example
of this enhancement is shown in Figure 8 from the paper by Mauk and Mclllwain, 19
It is seen that the enhancement extends to 6, 2 keVand to pitch arigles well outside
the repioti of the atmospheric loss cone of about 5°, Enhancement of the ions at
small pitch angles at synchronous altitude is consistent with the continued upward
flow of the upward streaming ionospheric ions observed at lower altitudes and
discussed. in the preceding seéction. Thus, it is reasorable to expect similar ish
coniposition in the peaked ion fluxes at synthronous altitude as is found in the up-
ward flowing ions oni the same L-shells at the lower altitudes,
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Figure 8, lon Pitch Angle Distributions as Measured
on the ATS-6 Synchronous Satellite During an Ion Ihjef-
tion Event on 20 July 1974 (From Mauk and McIllwain!9)
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Melliwain® also notes that simultaneous ton and eléctron field-aligned beams

at the higher energles do not seem to occur. Thus, the pinhole camera charging
effect discussed in the previous section rmay be particularly applicable near geo-
synchronous altitudes,

5. SUMMARY

Plasma composition measurements at low altitudes show that relatively large
fluxes of O ions as well as H' ions are precipitated from the magnetosphere at
magnetic L-shells corresponding to geosyrichronous altitude., Upward streaming
0" and H' ions from the ionosphére are also observed on field lines threading the
geosynchronous location. Observations at synchronous altitude of ion fluxes highly
peaked at small pitch angles are consistent with the ionosphére as the source of
the ions. Thus, although there are no defifitive measurements of the composition
of the hot plasma near geosynchronous altitude, other observations strongly support
the conclusion that at least during magnetic storms significant fluxes of ions heavier
than protons are also present there,
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3. INJUN 5 Observations of Vehicle Potential

Fluctuations at 2500 km

) R. C. Sagalyn
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Hanscom AFB; Massachusetts
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Weston, MA 92193

Absfract

The AFGL spherical electrostatic analyzers aboard the polar orbiting Injun 5
satellite were designed to measutre the temperature and density of the plasma as
well as the vehicle potential, Significant vehicle potential fluctuations have been
observed at altitudes near 2500 km in the nighttime, topside ionosphere. At auroral
latitudes, precipitating magnetospheric electrons frequently drive the satellite to
such strongly negative potentials that the ambient electrons are shielded from our
instruments. In such cases, simultaneous measurements by the Iowa State Uni-
versity LEPEDEA experiment can be used to calculate the vehicle potential.
Potentials of up to -40 volts are observed during impulsive precipitation events,
Within the plasma trough vehicle potentials vary between -1, 5 and -4 volts, as
compared with the -0.5 to -1 volt observed in the polar cap. The source of this
vehicle potential enhancement is ascribed to fluxes of photoelectrons that have

escaped from the sunlit conjugate ionosphere,

67

'n'y
L4

.v’r..-- -mﬁs|l‘: Q- LA
mm P ATY S




LOINTRODUCTION

The poténtial of a satellite in the topside ionosphere varics in response to
changing plasma parameters, ! ™4
mechanisms in the topside ionosphere utilizing data ohtained by the two AT1GI,
spherical electrostatic analyzers (SFA) aboard the polar-orbiting Injun 5 satellite,

The AFGL experiments on board Injun 5 are discussed elsewhere, o Hrielly,
Injun 5 was launched into polar orbit with an inclination of 81", an apogee of
2543 km, and a perigee of 677 km, The two AFGL sensors are placed on 5 foot
booms and, due to the sateilite's raagnetic alignment, are well outside the vehicle
wake, A schematic of the probes given in IFigure 1 shows that both the ion and
electron SEA's consist of 1-inch diameter solid collectors surrounded by two wire
mesh grids., The potentials of the collectors are set at -2000 and +100 volts. The
outér grid of the ion SEA is grounded and the inner grid is held at +28 volts with
respect to satellite ground, thus [iltering ions with energies less than 28 volts.
The electron sensor grids are eléctrically connected and are operated sequentially
in two modes, each of 15.9 sec duration. In Mode 1, the grids are set at +6 volts,
This positive resting bias is intended to counteract expected negative satellite
potentials. In Mode 2, the grids are swept from -10 to +3 volts. Operating in
these modes, we are normally able to measure the ambient electron temperature
and density, the satellite potential, and the omnidirectional flux of ions with ener-
gies greater than 28 eV,

In this report, we discuss spacecralt charging

INJUN 5 LOW ENERGY PLASMA DECTECTORS

CONFIGURATION A

ELECTRON 1ON
//,’:l‘\\\ T T 777NN
[/ \\ \\ b/ \
[l (soov) V) 28 2 r [ Vi
\ \\ ]/ ¥ \\\ /l
\\;\\‘__;/// l 1 \\\‘22’////

ELECTRON [ MODE | GRIDS AT RESTING BIAS OF 15V
SENSOR MODE 2 GRIDS SWEPT FROM -10V TO +3v

Figure 1, Schematic of the AFGL Electron and Ion
Spherical Electrostatic Analyzers Aboard Injun 5
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2. OBSERVATIONS

Results of vehicle potential measurements are discussecd in terms of four
typical cases, All data were taken while the satellite was in darkness and near
apogee over the northern hemisphere during Dccember 1968, In the first (polar
cap) and second (plasma trough) cases, the satellite potential was directly meas-
ured from Mode 2 current — voltage curves, The third and fourth cases were dur-
ing soft and hard inverted-V precipitation events, Here the University of Iowa
LEPEDEA measurements are used in conjunction with those of the SEA to place
boutids on the satellite potential,

Figure 2 gives a Mode 2 log I vs. V plot taken from the quiet time orbit No.
1463 while the satellite was in the polar cap region. For strongly retarding poten-
tials, we note a steady background cutrent whic¢h corresponds to & hyperthérmal
electron flux of 2 x 107/cm2 sec. This flux is due to polar rain precipitation. 6
Néar zero applied volts the current rises sharply, then approaches a saturation
level in the electron acceleration region., We note that the applied voltage is rela-

tive to satellite ground. The applied voltage with respect to the plasma is found by
algebraically adding the satellite potential,

> 10-3 INJUN V ORBIT 1463 MODE It .
g o-aL T 1932 oK )
S i Vp -067 volts
- Ng 1000 cnt®
Z 10-%F ¢ -
[+ 4
g
O 1076} -
£ 07 -
g
w |°-8.. -
'0‘9 -
N
lo-lo LS. A ST SBRtra —de 'y " " i I A N -
‘0 -9 -8 -7 -6 -5 -4 -3 -2 -1 0 | 2 3 4 5

APPLIED SWEEP VOLTAGE

Figure 2. A Mode 2 Plot of log I versus V Taken

while the Satellite
was at ~2500 km Over the Northern Winter Polar

Cap
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Electron temperdtures T e 8re calculated by assuming that the ambient plasma
is Maxwellian and applying the equations of Mott-Smith and Langmuir

. .-
dlog,s1
. q 10
Te ® 373k [ av ] m

wheré q is the electron charge and k the Boltzmant ¢onstant. A 50 point running
liiear regression is performed on the data to determine the steépest slope in the
retarding portion of the curve and is used in Eq. (1). To caléulate the vehicle
potential, a linear regression is performed on the final 30 points of the Mode 2
log I vs V data, The potential at the intercept of the retarding and accelerating
regression lines is the hegative of the satellite potential with réspect to the
plasma Vg

Vs = “Vintercept ° 2

For the case presented in Figure 2, n, = 100 cm-3, Te = 1932°K, and vy = -0. 67
volt, where n is the ambient electron density.

The second example is taken from another quiet time orbit No. 1380 as the
satellite passed through the midlatitude plasma trough (Figure 3). Using the
methods described above, we calculate that n_ = 100 em™3 and T_ = 7600°K.

Though the density is the same as in the first case, the temperature is a factor of
four higher. Where log I (V), in the extreme retarding portion of the sweep, was
constant in the polar cap, here it rises linearly with increasing applied voltage.

By calculating the solar zenith angle in the prodtiction region of the conjugate iono-
sphere, it can be shown that the hyperthermal electrons are photoelectrons from
the sunlit southern héemisphere. 8 7o the SZA, the conjugate photoelectrons appear
as a fiearly Maxwelliah population with a temperature of ~ 10 eV and a density of

~4 cm-3. Becduse the conjugate phototlectrons are efficient heaters of trough
electrons, 9 they affect the satellite potential in two ways: (1) directly as a current
away from the satellite, and (2) indirectly through enhanced thermal electron cur-
rents. Thus in the trough the satéllite potential was -1.65 volts as opposed to

=0. 67 volt in the poldr cap.

it is to be expected that the most dramatic examples of johospheric spacecraft
charging are found in the nighttime auroral oval. We now cofisider the vehicle
potential respohse to a low ehergy and a high energy inverted V precipitation event,

The University of lowa LEPEDE!\10 electron observations for the gquiet orbit
No. 1463 are given in Figure 4. Note that the more poleward inverted-V is marked
by a sharp onset at 02:27:30 UT, a double peak in intensity, and maximum differen-
tial fluxes near a few hundred electron volts. S'A data for the same event are
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Figure 4, LEPEDEA Electron Spectragram From Injun & Orbit No. 1463 (Frank
and Ackerson)
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shown in Fipure 5. Omnidirectional fluxes of positive ions with E > 28 eVare
given in the uppér trace, and alternating Mode 1/Mode 2 eléctron fluxes aré shown
below. In the ion data, the inverted Vi at 02:27:30 UT appéars as a flux enhance-
ment with the same double peaked structure observed in the LEPEDEA electrons.
The electron sensor was in Mode 1 with a grid resting bias of +6 volts at the start
of this event. The total measured electron flux decreased as the précipitating flux
increased and increased at the time of the valley between the two peaks, During
the second half of the inverted Vl event, the electron sensor switched to Modé 2.
The anticorrélation bétween measured and precipitating fluxes during the Mode 1
portién of the event indicates that the vehicle was being negatively charged. The
flux measured in the extreme rétarding portion of thé subsequent Mode 2 sweep is
a direct measurement of thé omnidirectional flux of preécipitating electrons.

The degree of charging during this 16w energy precipitation event can be esti-
mated if we assume that the ambient plasma remained fairly constant through the

T T 7T 7T T T T T T Y
.":§ #1463
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Y= 109 ~
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/Figure 5. The lon (Top Trace) and Electron (Bottom Trace) Flux Measure-
ments During Orbit No. 1463
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event. Since the resting bias of the grids was +6 volts, the flux méasured during
the Mode 1 portion was the sum of the thermal and hyperthermal .lux that would
be measnired if the gridd were biased at V- 6 + V.. At 02:27:36 UT, the time of
the first precipitation peak, the measured electron Aux was 5.5 x 10° em™2 sec”?

(Figure 6)., The measured flux at 02:27:42 UT, the time of the second precipitation
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Figure 6, Same as Figure 5 for the Time Period
02:27:00 to 02:28:00 UT, Orbit No. 1463
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peak, was 2,8 x 109 c:m'2 sec-l. Sitice the precipitating flux in the first and sec-

ond peaks were about equal, the thermal electron flux contribution at 02:27:36 was
~2.7v 109 cm'2 sec'l. We next compare this with the flux measuréd during the
previous sweep, At 02:27:18 UT, a flux of 2,7 x 109 cm'2 .~1ec'l was measured
with the sweep voltage was at +2, 5 volts. This means that the satellite potential
was approximately -3, 5 volts (-2.5 - 6.0).

Satellite potertial variations typical of moré intense precipitation events were
observed during orbit No. 1487. The LEPEDEA!! electron observations for this
orbit show adjacent iriverted V's at 01:48:00 and 01:48:45 UT (Figure 7). Counting
rates peak near 5 keV in thé first, and at greater than 10 keV during the second
inverted V evént. The flux of electr‘t‘ms11 with 50 ev < E < 15 kev and pitch angles
of 0° and 90° are shown in Figure 8, The directional fluxes at these pitch angles

were ~10% em™2 see™! sr'l, and generally within a factor of two of one another,

The LEPEDEA12 was unable to measure a fiéld aligned proton flux in the energy

e NI M/ A, YOI A A AN
¥ nmun:mnmlmnn I

Figure 7, LEPEDEA Electron Spectragrain From Injun 5 Orbit No, 1487 (Frank
1975).
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Figure 8. LEPEDEA Electron Fluxes at Pitch Angles of 0° and 90°
in the Energy Range eV < E = keV During Inverted V Events of Orbit
llo. 1487 {Frank, 1875)

‘ range 40 eV=<E =< 15 kéV during theése events (Figure 9). The SEA observations

I areé given in Figuré 10. It is impossible to distinguish between Mode 1 ahd Mode 2
fluxes during the second inverted V event. This is because ambient electroh col-
lection is completely suppressed by a satellite potential whose upper bound can be
set at -6 volts (becaduse of the +6 Mode 1 grid bias). During this period the ion
flux, the uppér trace of Figure 10, varied rapidiy between 4 x 10% and 8 « 108
em™? - sec-l. The lower value is a default level indicating that the current to the
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B Figutre 9. LEPEDEA Proton Spectragram From Injun 5 Orbit No. 1487 (Frank
¢, and Ackersot:, 1972)

ion sensor was negative. That is, the flux of electrons with E > 2 keV, the ion
collector bias, exceeded the total ion flux.

The peak ion flux observed during the second inverted V of 8 ¥ 10
could be due either to precipitating protons or to a combination of precipitating
protons and ambient ions accelerated to the sensor by a negative satellite potential

2 -1

8 -
cm sec

<-28 volts,
To test the first hypothesis, we first calculate the density of the parent elec-
tron population. If we assume that the precipitating flu~ is isotropic over the down

coming hémisphere, then the total electron flux is

21
W $e = 7 Ne Vth, e (3)

i where n and v,,  are the precipitating electron's density and mean thermal
velocity in their magnetospheric source region. Their temperdture is estimated

fro'r"n the LEPEDEA observations to be ~ 10 keV and their omnidirectional fix as
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Figure 10. The Ion (Top Trace) and Elec¢tron (Bottom Trace) Fluxes Measured by
the AFGL SEA During Injun 5 Orbit No. 1487

measured by the SEA is ~2.5 x 10° em™2 sec'l. Substitutioh of these values into
Eq. (3) gives a parent density of 0, 83 cm'3, a value typical of the plasma sheet
Assuming that the proton flux is isotropic and that n,=n; in thé source region, a

flux of 8 % 108 cm -2 sec -1 implies a magnetospheric proton temperature of 480 keV,

This is conslderably higher than any measured proton temperature. Mozer and
Bruston haVé measured fluxes of precipitating protons with similar energies over
an auroral form but with fluxes decreased by two orders of magnitude. We con-
clude that the ioh flux canhot be due primarily to precipitating protons.

If we accept the second hypothesis that accelerated ambient ions are contrib-
uting to the measured flux, then an upper bound of -28 volts can be set on the
vehicle potential. A lower bound of -40 volts can be set on the vehicle potential.
There are 117 energy channels measured by LEPEDEA in the range 40 eV<E <
15 keV. It is highly unlikely that an ion flux of 8 « 108 could pass undetected.
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The satellite potential adjusts ftself so that the total current i3 zero., The
precipitating electron flux is ~ 2,5 <10° em™? sec'l. In the absence of an electron
flux to the icn sensor, the measured ion flux would be equal to the efectron flux,
The electron flux to the negatively biased ion sensor collector (-2 kV) iy

9 'q V/kTe

¢ei"2.5Y10 ¢ (4)

where ¢e. i 18 the hyperthermal electron flux to the ion sensor, V- 2000 volts, and
k"I'e = 10 keV, Thus ¢e, igz 2 x 109 cm'zusec'lz. Thuls the measured ion flux
should be bnet © 2.5 ¥ 10° - d’e,i =5 %10" em™® sec”', Given the uncertainty in
the precipitating electron temperature in Eq. (4), this nu

mber compares favorably
with the measured ion flux of 8 x 108 cm ™2 sec”!

THe vehicle charging hypothésis also helps to eéxplain the rapid variations in
the ion flux between high values and the default level near 01:48 UT of orbit No.
1487. Relatively small modulations of the vehicle potential above and below -28

volts allow the ion sensor grid to act as a gate determining whether ambient ions
or energetic electrons reach the collector.

3. SUMMARY AND CONCLL SI0NS

In this report, we have presented ioh and electron fluxes observed by the
AFGL sensors aboard Injun 5. All data were taken while the satellite was in
darkness, They can be used to establish typical values of spacecraft charging in

the topside ionosphere. The vehicle potential was found to range from -0, 67 volt

ih the cold tenuous plasma of the polar cap to ~ -40 volts as the satellite passed

through an intense auroral precipitation evert, To a first approximation, the

results are consistent with a simple flux balance calculation of the vehicle
potential,
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Abstract

The first known harness transient detector flown on a synchronous satellite
has been operating on the joint Canadian-American Communications Technolopgy
Satellite (CTS) since 31 January 1976. This detector, called the transient event
counter (TEC), senses and counts transients having a voltage rise of greater than
5 volts in three separate wire harnésses: the attitude control harness, the solar
array instrumentation harness, and the solar array power harness,

This report describes the TEC, defines its operational characteristics, and
presents the preliminary results obtained through the first 90 days of operation
including the Spring 1976 eclipse season. The results show that the CTS has been
charged to the point where discharges have occurred. The discharge induced
transients have not caused any anomalous events in spacecraft operation. The
data indicates that discharges can occur at any time during the day without prefer-
ence to any local time quadrant. The number of discharges occurring in the 1 sec
samhple interval are greater than anticipated. The compilation and review of the
data is continuing.




L INTRODUCTION

The joint Canadian-American Communications Technology Satellite (CTS) ia
the first of a new generation of high power, high frequency communications satel-
lites utilizing a 12 GHz, 200 W pf transmitting system, ! This satellite was launched
17 January 1976, and placed in a synchronous equatorial orbit at 116" West
Longitude,

Since the early 1970ig satellites in synchronous orbits have been experiencing
anomalous electronic switch cvents, 2 This anoinalous behavior is believed to be
caused by the coupling of environmentally induced discharge pulses into the low
level logic circuits used on these satellites. The data from an experiment on the
ATS-5 and -6 satellites has shown that clouds of kilovolt electrons can vceur at
synchronous altitudes, 3 It has been shown that these clouds can charge the satel«
lite ground to potentials that range from a few hundred volts to several kilovolts
negative, ™ 5 The range to which the spacecraft grounds can be charged in a given
particle environment is determined by the areas of the satellite grounded metal
surfaces that are in the sunlight. The photo-emitted electron current from these
sunlit surfaces can partially balance the incoming electron flux and maintain the
spacecraft potential within a few hundred volts relative to the space plasma poten-
tial, If the spacecraft ground can be charged in this manner, then it must be
assumed that the insulators can also be charged, Furthermore, the insulator sur-
faces that are shaded can be charged to the kilovolt level even when the spacecraft
grounds are maintained at the few hundred volt level, When the satellite insulator
surfaces are charged to the kilovolt level, a discharge can be triggered and the
resulting pulse of electromagnetic energy can cause anomalous behavior in sensi-
tive electronic circuits,

The Communications Technology Satellite (CTS) was designed in the 1970-1971
timesperiod when the shacecraft charging phenomenon was barely recognized by
project personnel. As a result the satellite incorporated design techniques which
were normally used at that time for lightweight satellites, Thermal blankets were

Figure 1),

The unique feature of the satellite {c the size and construction of the deployable
solar arrays, each 1,2 « 7.6 m long which have the solar cells mounted on a v=-mil
Kapton fiberglass composite substrate, The satellite is three axis stabilized and
the solar arrays track the Sun, Therefore, this satellite has large areas of exposed
insulator surfaces that are shaded when the satellite is in orbit, These surfaces
can be charged by the electron clouds ut synchronous altitudes,
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Figure 1. CTS Spacecraft (Prelaunch Checkout)

The concern for possible spacecraft charging effects on the CTS led to the
establishment of an investigation to determine the response of the spacecraft sur-
faces to the substorm particle fluxes. 6 Late in the CTS program, a reccommenda~
tion was made to incorporate a charging diagnostic device. This recommendation
was accepted by the CTS Project provided that the weight and power consumption
were minimized, A decision was made that a harness transient detéctor would be
an acceptable minimum deviceé, It was assumed that the data on the environment
that could charge the surfaces could be obtained [rom other sources. Thus, the
harness transient detector, called the Transient Event Counter (TEC) was built,
qualified, and integrated into the flight spacecraft 6 months prior to launch, This
is the first such detector known to be on a satellite in geosynchronous orbit.

This report will describe the TEC, define its operational characteristics, and
present the preliminary results obtained through the 1976 Spring eclipse season.
The data on charging environment is still being collected. However, the prelimi-
nary data of an indication of the state of the environment, the K index, from the
ground station at Anchorage, Alaska, is given as a gross indicator, This K index
measures the geomagnetic effects of solar particle flux at a specific station at 3 hr
intervals. ° Hence, it can be used as an indication of the state of the environment,
The K index values are given on a scale of 0 to 9. The highér numbers indicate a
disturbed or charging envircnment, whilé the lower numbers indicate a quiet
environmerit,
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2, TRANSIENT EVENT COUNTER (TEC) DESCRIPTION

The Transient Event Counter (TEC) is a small electronic device capable of
sensing and counting transient pulses having ati amplitude greater than 5 volts that
are transmitted along the spac¢eécraft internal wiring harnessés. The objectives
of this device are:

(1) to obtain flight data on arc discharge events related to spacecraft ¢charging
which would aid in the design of future spacecraft,

(2) to count the numbe. of discharges as a function of satellite tine,

(3) to locate approximately the sources of the discharge, and

(4) to provide diagnostic infcrmation relating anomalous performance to
charging events.

Due t6 the limited time available to design, build, qualify, and integrate the
TEC, a decision was made to count thé transierts only at three specific locations
on the satellite, It was desirable to record the amplitude of the transients, but it
was felt that the additional developrient timé might jeopardize the incorporation of
the TEC on the satellite,

The elements of the TEC are shown in the block diagram of Figure 2. The
three detectors sense the transient pulses in the harnesses. These pulses are
counted for a 1 sec interval and stored in a register. Thé stored counts are trans-
mitted to ground through the satellité telemetry system., The general specifications
for the TEC are given in Table 1.

[ —————— BLOCK DIAGRAM — — — — — e —
|
| oiA converTer| | ANALOG
SENSORS [—={ MULTIPLEXER COUNTER DIA CONVERTERL 4+ .. mnm
l |
| i |
| |
| |
|
l i
! I
} TIMING POWER  fem——L1 — 5/ POWER
|
|

|
|
e ———————— ————————

ELECTRONICS PACKAGE

Figure 2, Transiént Event Counter
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Table 1. TEC Specificr.tions

Power 330 mW

Size 7.62x10.16 > 5, 5ecm (3 x4 x 2,16 in,)

Weight 3248, 6 grams (11.5 oz)

Input Voltage +15 VDC 1 15 percent

Ouitput Voltage 0-5V DC

Qutput Impedance <3 ohms

Telemetry one analog chatinel

Commiands none

Outgassing venting holes provided

Measurements 3 channels, subcommutated with calibrated
and ID signal

Counting Capacity 64 transients/sec

3.1 Setisors

The sensors are toaxial cables with 60 cm of the shield removed at one end.
These unshielded portions of. the cables are laced to the spacecraft wire harnesses
at three separate locations within the spacecraft. Each sensor acts as an antenna
coupling to the transient pulse within the harness. The locat..n of the sehsors are
as follows (see Figure 3):

(1) Channel 1: Attached to the attitude control instruméntation wire harness
between the nonspinning Earth sensor assembly and the attitude control electronics
assembly. It is assiimed that this sensor would pick up discharges from the for-
ward platform thermal blankets, the antenna system, the silver Teflon on the
variable conductanc¢e heat pipe radiator, and the Earth sensor assemblies. The
shielded length of this cable is about 1.3 m. *

(2) Chanriel 2: Attached to the south solar array instrument harness within
the spacecraft body at the slip rings. The instrument lines on the solar array zre
unshielded and are routed down the center of the wing, This sensor will detect arc
discharges occurring in the center drea of the solar - rray wing. The shielded
length of this cable is about 0.5 m.

(3) Chanhel 3: Attached to the south solar array power harness within the
spacecraft body at the slip rings. The power lines on the solar array are also
unshielded and run along both the outside edges of the wing. This sensor, then,
will detect discharges occurring at the edges of the wing and at the solar cells.
The shielded length of this cable is also about 0.5 m.
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Figure 3. TEC and Sersor Locations

These locations wetre chosen so that the sensors would monitor those parts of
the spacecraft where discharge activity was anticipated.

The unshielded sensors were attached to the outside of these wire harnesses
instead of within the harness because the wire harnesses were completed and
installed in the flight spacecraft before the decision to fly the TEC was made.
Mounting the senisor ih this manner decreased the sensitivity and iricreased the
possibility of pickup from sources outside the harness. However, testing of the
TEC on the satellite using a portable spark soutrce indicated that the desired
threshold of 5 volt sensitivity could be achieved.

2.2 Electronies Package

The electronics package houses the counting and storage circuits in a box,
7.6 ¥ 10 « 5,5 cm, that weights 327 grams (see Figure 4). This package is
mounted on the exterior CTS aft platform under the thermal blanket (see Figure 3),
The allocation of only one telemetry channel to the TEC necessitated the
inclusion of a multiplexer and timer to control this experiment. The multiplexer
switches in the first sensor channel for about 1 sec. During this interval the

counter will count the transients in the harness with an amplitude greater than
5 volts and store the total count in the register. A maximum of 63 transients can
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Figure 4. TEC Elec¢tronics Package

be counted in the sampling period. An overflow indicator (the sixty-fourth trans-
ient count) is used when greater than 63 transients are counted. There is a built
in 5 yset delay after a discharge pulse is counted. This delay is to prevent the

counting of line ringing as separate discharge pulses. The delay was selected as
a result of the ground tests on materials' characteristics conducted at the LeRC.

At the end of the 1 sec interval the total count is stored in the register, the
timer resets the counter to zero, and the multiplexer switches to the next channel,
Discharge transients on this lihe are then counted for a second after which this
total count is stored in the register. The cycle is then repeated for the third sen-
sor. The multiplexer has a fourth position ot which time a calibrate signal is fed
into the register. After the calibrate signal, the cycle repeats, The telemetry
format is showh in Figure 5.

The telemetry system samples the storage register at about once per second.
Hence, the transient pulses on each sensor are counted for about 1 sec every 4 sec,
Since the telemetry rate and the TEC counter are not syichronized, the channel
being sampled is determined from the calibrate signals: every other cycle has a
maximum count calibrate signal with a zero count calibrate in between. The TEC
timer was allowed to be free running to minimize the ties to the CTS telemetry
system,
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Figure 5. Typical Telemetry Output

3. DISCUSSION OF TEC FLIGHT DATA

The CTS was latinched on 17 January 1976, and placed in a synchronous,
equatorial orbit at 116° West Longitude., Theé TEC has been operating continuously
since the main solar array deployment on 31 January 1976.

A completé summary of the TEC flight data for the period from 31 January
196, through the Spring eclipse period until 30 April 1976, is given in Table 2 as
a function of satellite local time., The data given in this table are the total number
of transients counted in the 1 sec sampling of that channel, The satellite local time
is defined such that local noon occurs when the satellite is on the Sun-Earth line.
This time scale is of more interest for spacecraft charging investigations since it
allows for a bétter visualization of surface shadowing and correlation of substorm
data. The satellite local time can be converted to Universal Time (UT) by addiug
7 hr and 44 min.

The number of transients counted on each channel oy TEC for this 20 day per-
ifod is summarized in Figure 6. This same data is shown in more detail on the 15
day graphs of Figures 7 to 12. Preliminary values of the K index from the
Anchordge, Alaska station have been plotted on the 'S5 day transient data plots as
a gross indicator of the state of the environment. The K index value is given on a
scale of 0 to 9; the higher the number, the more severe the substorm. It must be
realized that the data from the Anchorage station may not be indicative of the state
of the environment at the CTS loeation since the environment can be highly local-
ized; a short, intense substorm at the CTS position may not be indicated in the

stationdata averaged over the 3 hr period.
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Table 2, TEC Flight Data

No. of Transients Eclipse
Date S/C time CH1 cH2 CH 3 Start Stop
1/31/76 23:16 3
23:18 3
23:20 2
2/1/76 18:53 8
2/2/16 11:08 4
11:24 3
15:19 6
2/18/16 05:19 1
09:15 3
09:30 3
09:32 33
09:32 6
09:33 12
09:34 2
09:40 3
09:42 12
09:45 33
09:417 33
18:05 49
2/19/16 11:24 33
14:11 12
2/20/76 03:04 1
03:06 1
15:25 12
16:19 1
18:13 24
21:15 1
2/21/76 01:17 33
02:32 3
06:34 3
09:05 6
23:20 1
2/22/76 01:24 1
11:01 1
- S
2/23/76 02:03 1
02:49 1
04:52 3
2/24/76 08:01 6
09:38 49
13:31 46
,2/25/76 14:33 | 33
89
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Table 2, TEC Flight Data (Cont, )

—

w_ﬂ ==
No. of Transients Eclipse
Date S/C time CH1 CH 2 CH3 Start Stop
2/26/16 07:51 24
13:38 6
19:59 6
2/27/16 08:41 1
10:17 12
18:14 1
18:14 12
2/28/16 10:49 62
18:35 24
18:53 33
2/29/%6 00:26 1
20:36 12
3/1/16 01:57 12 00:02:53 00:22:14
08:28 3
3/2/16 04:48 26 23:58:32 00:26:07
05:04 6
05:26 41
05:32 3
05:34 6
05:38 19
05:53 6
06:07 1
06:13 3
17:33 14
21:06 1
3/3/16 12:28 3 23:55:19 00:26:07
12:28 3
12:29 33
3/4/18 16:16 24 23:51:25 0):28:53
16:31 6
16:40 1
18:19 24
3/5/176 02.42 1 23:49:11 00:33:54
3/6/16 04:56 2 23:47:14 00:35:23
10:45 1
16:10 3
3/1/76 22:14 1 23:45:26 00:36:36
3/8/76 23:01 1 23:43:49 00:37:37
-~ 40
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! t |
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Table 2, TEC Flight Data (Cont, )

Date

No, 9!‘ Transien;s

Felipse

S/C time

CH1

CH 2

CH3

Start

Stop

3/9/16

04:34
05:10
17:09

' 23,42:10
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02:17
16:00
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3/20/76

15:17
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17:40
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17:23
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Table 2. TEC Flight Data (Cont, )

No. of Transients Eclipse
Date S/Ctime | CH1 CH2 | CH3 Start Stop

L . - S — e e

3/28/76 02:04 16 23:32:18 00:36:39
02:08 41
09:47 33
09:48 ‘ 3
09:57 10
10:35
12:29
12:49
14:29 1
15:45 2
15:51 12
15:54 i 6
17:25 24
19:29 25

[N N

3/29/76 19:36 1 23:32;:31 00:35:47

3/30/76 02:28 23:32:48 00:34:50
06:00
07:07
09:59 1
12:27 1

3/31/76 06:21 33 23:33:11 00:33:47
06:21 1

(== -

e e ]

4/1/76 21:19 1 23:33:39 00:32:39

—— . [ .

4/6/76 08:13 1 23:38:12 00:23:26
12:46 33

4/1/16 06:01 49 23:39:37 00:23:26
12:24 1
14:31 6

4/8/16 18:40 49 23:41:18 00:21:15
19:16 51
20:52 49
23:42 1

e et v e

4/9/16 00:11 6 23:43:19 00:18:44
00:11 49
00:12 33
00:13 24
00:13 12
00:14 6
00:15 1
00:15
00:17
00:17 33
00:18 12
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Table 2,

TEC Flight Data (Cont, )

S/C time

00:20
09:34
09:37
09:38
09:41
12:15
16:09
22:39

CH 1

49

1
1

|6

__No, qj}’l‘rnnsienta
CH2

IR

4/10/76

07:53
15:19
20:52

4/11/76

| 15:28
19:14

— —t -

—————— e e

Eclipse
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23:45:48
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4/12/76
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Table 2,

TEC Flight Data (Cont,)

_~_”‘#;__I__M;,_N“..“

a/21/76 | 070
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17:01

) 17:13 '
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4/24/76 04:20
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Table 2, TEC Flight Dawa (Cont,)

____No, of Tranaients | Eelipse
Date S/Ctime | cHt | cH2 j CH o3 T

S —
start Stop
S S SRR

P —

Az

4/28/76 08:57 3
23:39 3 :
RS SNl AU .
4/29/16 07:57 4y ! E ;
08:00 | 1 !
08:07 1
19:30 10
20:3 12
e ESEE T RSSO 1 . o o
4/30/76 00:37 33
01:32 25
04:06 1
04:17 3
06:58 33
08:17 3
09:57 ] 12

SESTUUUUED SRR PRV S

02:53 1 |
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The TEC data shows that transients exist in the wire harnesses. All satellite
data have been reviewed to verify that no commands were being executed and that
there were no power fluctuations at the times of the TEC counted transients.
Therefore, it is assumed that these transients are caused by discharges resulting
from the environmental charging of the satellite surfaces,

The number of transients being sensed by the TEC in the 1 sec sampling time
is, at times, higher than one would anticipate based on the ground test data. The
TEC does have a built-in 5-usec delay after it counts a transient pulse and this
should prevent the counting of line ringing as transients. These high TEC counts
may be due to sequential discharging of the large insulator surfaces on the satellite,
The ground data does indicate that this sequential discharging may be possible,

The evaluation of the high number of TEC transients is continuing.

The correspondence between the transients and the state of the environment as
shown wi Figures 7 to 12 is rather poor. At times that the énvironment appeared to
be very active (for example, February 7, 8, and 27, March 25 and 26, and April 1),
no transients were counted. At other times when the environment is reasonably
quiet, there are transients. Transients are also counted when the environment is
active, This apparent inconsistency could be due to the uncertainty of the actual
substorm conditions at the satellite position in space,  Environmental monitors on
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the satellite are necessary to determine if the transient occurred as an immediate
result of a substorm or as a delayed discharge due to a differential voltage
condition,

The distribution of discharge évents is plotted in Figure 13,
view of the Earth with a 24 hr local time scale superimposed, The TEC transients
for each channel are plotted at the spacecraft local time of occurrence without con-

This is a polar

cern for the number of transients. The radial distance on these plots is propor-
tional to the K index. From this figure it is apparent that the pattern of the occur-
rence of transients is random. This behavior is believed to be due to the fact that
the CTS has large insulator surfaces that can be alternately sunlit and shaded so
that differential charging is possible. Once charged, the insulators can maiitain
this charge for long periods of time. These surfaces can discharge, then, at any
time in its orbit by responding to an, as yet unknown, trigger mechahism, The
evaluation of this behavior is also continuing,

OCCURRENCE OF DISCHARGES IN SATELLITE LOCAL TIME
RADIAL DISTANCE PROPORTIONAL TO ANCHORAGF K INDEX

6~ —-_0 ~ [ Yo
-3 o .« _ e~ | ~
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CHANNEL 1 CHANNEL 2 CHANNEL 3
ATTITUDE CONTROL SOLAR ARRAY INSTRUMENT SOLAR ARRAY POWER
HARNESS HARNESS HARNESS
Figvre 13. TEC Transient Data January 31-April 30, 1976

The data plotted in Figure 13 also shows that channels No. 1 and 2 are more
active than channel No. 3. This behavior was expected since the solar array

power bus line is filtered which should limit transients.

These transient pulses detected by the TEC have yet to cause an anomaly in
the satellite operation. The CTS was built to conduct high voltage, high power,
and high frequency comnaunication experiments. Therefore, considerable care
was taken to make the components {nsensitive to any transients that may result

from br2akdowns within the high voltage components.
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made the satellite immune to the anomalous electronic switching behavior of other
gynchronous satellites,

4. CONCLUDING REMARKS

The Transient Event Countef (TEC) has been monitoring transient pulses in
three separate wire harnesses within the CTS spacecraflt since 31 January 1976.
This detector counts all transients within the harness that have a voltage rise
greéater than 5 volts, The three harnesses that are monitored are:

(1) Attitude Control Harness

(2) Solar Array Ihstrumentation Harness

(3) Solar Array Power Harness

The results to date show that the CTS surfacés seem to be charged to the point
where discharges occur and these discharge pulses are being transmitted in the
spacecraft harnesses, These pulses have not yet caused any ancmalous behavior
in the spacecraft,

The discharges can occur at any time during the satellite day with no special
preference for any local time quadrant. This effect may be due to shadowing of the
insulators which can cause differential charging which can result in discharges.

The number of transients being counted is larger than anticipated, This large
number may be due to the sequential discharging of large insulator surfaces on the
satellite producing a pulse train in the harnesses.

The correlation of the TEC data to the occurrence of substorms has been hin-
dered by the lack of real time environmental data at the CTS position at synchronous
altitudes. The preliminary ground station data for the K index from Anchorage,
Alaska has been used as an indicator of activity., However, the correlation is poor.
It is strongly recommended tha: any future saztellite using a TEC -type detector ¢ lso
include a simple environment raonitor as well. This would remove all uncertainity
on the state of the environmen! when transients are counted,

The preliminary review of the TEC operation on the Communications Technol-
ogy Satellite for the first 90 days has been completed. There are indications of
discharge events but no annhmalous behavior has béen detected. The compilation
and revicw of the data is continuing.
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Abstract

Effects on spacecraft ground potential of active emission of charged particles
are being investigated through experiments using the ATS-5 and ATS-6 spacecralt.
Each of these spacecraft is equipped with ion engine neutralizers which emit low
énergy charged particles, and with the University of California at San Diego (UCSD)
Auroral Particles experiments which are capable of determining the spacecraft
potentials. Despite great Jdifferences in design between the two spacecraft, they
attain similar potentials in similar environments. Therefore, effects on space~
craft potential of neutralizer operations can be used to compare the effects of
operating the two different neutralizers (liot wire filarment and plasma bridge).

The neutralizers on both spacecraft have now been operated in eclipse, Results of
these operations are presented and spacecraft responses compared.
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1. INTRODUCTI(ON

One of the objectives of the joint NASA/AF Charging Investigation s to deter-
mine the feasibility of active control of spacecruft charging, An investigation is
currently underway to study the possibility of active control by charged particle
emission using the ATS-5 and ATS-6 spacecraft. This effort is an extension of
studies previously reported by Bartlett et a!l and by Goldstein and DeForest. 2
The present paper reports results of operiting the ion engine neutralizers on the
two spacecraft during eclipses. The intent {s to compare the effectiveness of the
two neutralizers in maintaining the spacecraft potentials near ground during eclipse
and substorm conditions.

Experiments have been conducted using the ATS-5 hot wire filament electron
emitter, the ATS-6 plasma bridge neutralizer, and the UCSD plasmu detectors,
The particle data were then studied to determine the charge state cf the space-
craft before, during, and after neutralizer operations, in order to compare the
effects of neutralizer operations. Such experiments have been performed with the
ATS-5 spacecraft during several eclipse seasons, so that a relatively large data
base exists, and some general trends in spacecraft response ¢an be identified.
Due to mission constraints, operation of the ATS-6 neutralizer during eclipse was
not possible until the fall 1976 eclipse period. Thus, the data points for ATS-6
neutralizer operations in eclipse are few; however, the available results do pro-
vide a basis for some preliminary comparisons,

2. ATS-5 SPACECRAFT AND ION ENGINE EXPERIMENT

The ATS-5 spacecraft was launched in August 1969. It is in a geosynchronous
orbit stationed at 105°W longitude. The spacecraft has a cylindrical geometry,
1.3 m in diameter and 2 m in length. It is divided into three cylindrical sections
of approximately equal length, Most experiments and spacecralt systems are con-
tained in the center section, while the two outer most sections are open-ended
shells to which solar cells have been mounted, These latter two sections have an
outer surface primarily of quartz glass covering the solar cells, The center sec-
tion is covered with a fiberglass skin to which a noénconductive thermal control
paint has been applied. Therefore, the outermost surface of ATS~5 is geherdlly
an electrical insulator,

Two contact ion engine systems are aboard ATS-5, All engine operations
described here involve the No., 2 system. Its location relative to the ATS-5 UCSD
Auroral Particles experiment ts shown in Figure 1. Due to a design fault in the
ATS-5, the spacecraft could not be despun and hence was never giavity gradient
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stabilized as planned. As a result of the 76 RPM spin about the spacecraft z-axis,
each ion engine is subjected to centripetal force producing an effective gravitational
field of 4 G's.

The force on the cesium feed system is sufficient to drive liquid cesium down
the vapor feed tube to the ionizer and thus preclude normal thruster operation.
The cesium reservoir is sealed by a thermally actuated valve. The ion engine sys-
tem is designed such that the "lonizer On" command turns on the ionizer and neu-
tralizer heaters. It has been determined that the heat transferred to the reservoir
valve from the fonizer heater when operated continuously is sufficient to open the
valve. However, if the fonizer heater is operated for a maximum of 40 min with a
20 percerit duty cycle, the valve will remain closed. Therefore, the 20 percent
duty cycle was selected for the spacecraft neutralization tests. No ion beam is
produced during this type of operation.
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The ATS-5 ion engihe system has been described in detail by Worlock et al, 3
Its contact ion source was designed to deliver 1 mA of singly charged césium ions
which are ncutralized by a hot filament electron source. In studying the control of
spacecraft charging, this electron source has been utilized. The ion engine
exhaust aperture in the spacecraft skin is 5 cm in diameter, The neutralizing
filament is recessed 2.5 cm within the spacecraft and operates at spacecraft
rotential. The resistively heated filament is powered by a 2 Vac poweér supply.
Thus, the energy of emitted eleétrons is <2 volts. The filament of yttrium doped
tantalum is 0.18 mm in diameter and operates at a temperature of 1700°C. At
this témperature, the nevtralizer is emission lirnited at about 3mA. The minimum
resolvable neutralizer emission current telemetry signal represents 6 ua. No
<escernible néutralizer emission current has been cbserved during any of the
experimentation described here.

3. ATS-6 SPACECRAFT AND 10N ENGINE EXPERIMENT

The ATS-6 spacecraft was launched in May 1974, and is ia a geosynchronous
orbit. The first year's operational station was at a longitude of 94°W, For its
second year of service, ATS-6 was moved to a longitude of 35°E. The spacecraft
has now been relocated to its permanent station at 140°W. The configuration of
the ATS-6 spacecraft is shown in Figure 2. The end-to-end dimension between
the two solar arrays is 16.5 m. The near cubical module at the focus of the 9.1 m
parabolic reflector is about 1.6 m on a side. The outer surface of most of the
structure is covered with kapton thermal insulation. However, all conductive ele-
ments of the structure and the vapor deposited aluminum surfaces of the thermal
blankets are bonded to the common spacecraft ground. The parabolic refiector is
formed utilizing a dacron mesh with a copper coating. The copper is covered with
a noncontihuous coating of silicon rubber. While the copper mesh of the reflector
is grounded to the structure, the reflector's outer surface characieristic is domi-
nated by the silicon rubber insulator. The solar cells are covered by quartz glass,
Thus, the majority of the outer surface of ATS-6 is nonconducting,

There are two cesium bombardment ion engine systems on ATS-6. They are
located on the north and south faces of the earth viewing module as shown in
Figure 2. The thrust axis of each engine is in the Y-Z plane and exhausts cutward
from the spacecraft at ar angle of 38° to the +2 axis. The orbital operations of the
ion engine experiment have been reported by Worlock et al. 4 Each of the two ion
engine systems has been operated. The initial operation of each thruster was
nominal. However, subsequent attempts to restart either system have not been
sugcessful. It is believed that the restart problem is due to a design error in the
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Figure 2. ATS -6 Spacecraft Configuration

main propellent feed system. This design problem has not precluded the operation
of the ion engine's neutralizer and its cesium feed system. Operation of the neu-
tralizer of each ion enginhe has been demonstrated subsequent to its initial operation.

The ATS-6 ion engine systemn has beeh described in detail by James et al. 5
Basically, each system produces a 115 mA beam of singly charged cesium ions
which are extracted from a primary plasma, This beam is then neutralized by
electrons which are extracted from a second cesium plasma. This electron source,
or neutralizer, is of interest when studying the control of the interaction of a geo-
synchronous spacecraft with its ambient plasma since it can serve as a source of
both electrons and fons.

The neutralizer consists of a feed system which supplies cesium vapor to a
hollow cathode electron source. The hollow cathode consists of a heated tantalum
emitter which is placed at the end of the cesium vapor feed tube. The feed tube is
than capped with a plug containing a 0. 15 mm diameter orifice, An electrode, or
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plasma probe, is mounted 3.2 mm outboard from the cathode aperture. To initiate
operation, this electrode is biased 150 Vdc positive with rcspect to the tantalum
emitter and serves as an aznode. The emitter operates at spacecraft ground poten-
tial, Cesium vapor is introduced into the hollow cathode and a plasma discharge
oeccurs, This process requires about 35 min from initiation of the operations,
After the neutralizér discharge starts, the probe is operated from a high impéed-
ance +15 Vdc power supply. In this mode, 50 mA of electrons are extracted from
the neutralizeris plasma by the probé. The probe also serves as a plasma poten-
tial sersing elemant for control purposés. For norrnal ion engine operations, the
iont beam would become the hollow cathode's anode with the neutralizer's plasma
providing a low impedarice bridge to the beam. However, when the ion beam is

not presént, the plasma probe will continue to function as an anode. During opera-
tion, the power supply is typically loaded down to 6 or 7 volts, Thus the energy of
emitted electrons is <15 volts, typicdlly 6 or 7 volts, The aperture for the ion
engine's exhaust beam is approximately 12 cm outboard .rom the spacecraft!'s skin
with the neutralizer located an additional 5 cm outboard.

The emission characteristics of the neutralizer vary with its cesium flow and
the temperature of the tantalum emitter. Neutralizetr control is accomplished by
preseétting the emitter temperature ahd regulatitig the pressure of the cesium vapor
in the hollow cathode in responsé to the potential of the plasma probe. Fc~ normal
operatiohs, the neutralizer is emission limited at about 3A of electruis and a few
milliamperes of ions. Since the experiment's telemetry scale was sized for oper-
ations as an ion thruster, the minimum resolvable neutralizer emission current is
1 mA of electrons only, No measurable neutralizer emission current has been
observed during any of the expériments described here,

10 ATS53 AN AT<0 PLASMA DETECTORS

Thé UCSD Auroral Particles expetiment on ATS-5 consists of two pairs of
plasma detectors. These are mounted to the body of the spacecraft (see Figure 1)
so that one pair looks parallel to the spacecraft spin axis and the other pair looks
perpendicular to it, Edch pair of detectors is comprised of an electron detector
and an ion detector which cover the energy range from 50 eV to 50keV. These
detector have been described in more detail by DeForest and Mcllwain. 6

The ATS~6 instrumeht is an outgrowth of the ATS-5 detector. The main
delectors are arranged in two electron-ion pairs. These are mounted on the
Envircnmental Monitor Experiment (see Figure 2), one pair in the north-south
plane and one pair in the east-west plane. They can be mechanically swept in
their respective planes to obtain angular information. The energy range covered

112

—

L




by these detectors is 1 eV to 8B0keV. The ATS-5 detectors are described in more
detail by Bartlett et a1l and by McIlwain, 7

The voltages to which the spacécralt grounds are charged can be estimated by
obgervitig shifts in the particle flux-energy distributions measured by the plasma
detectora. Sich shifts are most evident in the ion spectra. Examples of spéctro-
grams showing this type of spectral shift are given by Goldstein and DeForest.

5. CHARGING RESPONSE OF ATS-5 AND ATS-b

In ordér to make meaningful predictions about the possibi.ity of active control
of spacecraft potentialy, it is niecessary to be able to predict the potential that a
spacecraft will assume when immersed in a hatural plasma. In particular, this
task is made much more difficult if there are first-order differences due to the
details of a given configuration. Table 1 gives the comparison of spacecraft and
systems for ATS-5 and.6. Clearly, these two spacecraft are very different in
slze, construction, orientation, and outér surface composition. Therefore, if
theseé two space vehicles change to approximately the same potential when exposed
to theé same énvironment, then perhaps a detailed study of either one will have some
géneral validity., During two eclipse seasons (fall 1974 and spring 1975) when
ATS-5 and 6 were separated by only 1. 2 earth radii, and when the on-board plasma

Table 1. Comparison of Spacecraft and Systems

ATS-5 ATS-6
Characteristic 2m 10 m
Size
Stabilization Spin (Axis Parallel 3-Axis
to Earthfs)
Qiiter Surface Mostly Quartz Quartz, Kapton, Paint,
(Good Insulator) Alumihum (Mixed Insu-
lator and Conductor)
Ion Engine Thermal Emission Dischargé Plasma
Neutralizer (Electrons Orily)
Néiitralizer Recessed: 2.5 cm Outboard: 17 cm
Placemient
UCSD Detectors ! Body Mouted Rotating (1 eV - 80 keV)
(50 eV - 50 keV)
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instruments on both indicated simildr , lasmas, the simultaneous potentials were
calculated and are plctted in Figure 3. The line in this figure is the line of equal
poteritials and was drawn before the points were added. Considering the differences
shown in the table and the fact that there is variability in the plasma, the agree-
ment is remarkable. (Note: The earth's umbra at this distance is approximately

2 earth radii across, allowing ample opportunity for the two spacecraft to be
simultaneously eclipsed.)

Since the two vehicles behave similarly in the natural plasma, it is possible
to compare their responses to active control using the assumption that differences
in response are due to differences in the characteristics of the neutralizers rather
than to differences in spacecraft charging response.
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Figure 3. Simultaneous ATS-5 and ATS-6 Potentials
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6. RESPONSE TO ACTIVE CONTROL 1

A8 was previously noted in Section 1, the datd on ATS-5 response to neutralizer
operations ate far moré extensive than those for ATS-6. In addition, because of
differences infierent in the two neutralizers and operationial constraints, the opera-
tiohs themselves are somewhat different,

The ATS-5 hot wire filament car be turned on and oif in very short times,
that is, it requires no "warm up" period. The experiment sequence used for the
tests reported here was to allow the spacecraft to enter eclipse with the neutralizer
off, to ¢command the neutralizer on 10 min later, and to corhmand the neutralizer off
again 5 min later, Particle data were taken for at least 15 min before and after 1
the neutralizer opérations. Some experiments are also being run usitig a 10 min i
"neutralizer on'" period. Results of these will be reported as data become

available,
It contrast to the fast response time of the hot filament, the ATS-6 plasma

]
i
{
bridge neutralizer requires about 35 min after the "on'' command is given to comie 4
into full on operation (see Sectioh 3), Because of concern for the spacecraft's
power system, the neutralizer was brought into full operation before entry into !
eclipse curing the fall 1976 eclipse period. The neutralizer rémained on for 10
min after entry into eclipse and was then commanded off. Particle data were 1
taken 24 hr per day during these neutralizer operations. Additional experiments
are being conducted using these ATS-6 instruments, and results will be reported .
as the data become available. 4
The operating conditions for the experiments reported here are summarized '

in Table 2, 4
]
|

Table 2. Comparison of Test Operations |

ATS-5 ATS-6 1

Turn-On Time <1 min 35 min ; 1
Turn-Off Time <1 min ~2 min
Fuil-On Operation Time in Eclipse 5 min 10 min
l

Emission Current <6 uA <1l mA *
Energy of Emitted Particles ~2V ~TV l
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Figure 4 shows the response of the ATS-5 spacecraft to activation of the
neutralizer, The potential with and without the electron emitter energized is
shown here, The potential determinations were made within minutes of each other
and under conditionis where the potential was not changing rapidly. The dashed
linie here is the line along which the two potentials are equal; the solid line is fit to
the data,
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Figure 4. Effect of ATS-5 Electron Emitter on Spacecraft
Potent.als

The first conzlusion that one reaches from Figure 4 is that the electron emitter
does lower the potential, but it has the unfortunate characteristic of being less effec-
tive in maintaining the spacecraft potential near ground at larger magnitude initial
potentials and very effective in doing this at potentials which are already sufficiently
low in magnitude that they do not pose much of a problem. This result is supported
by laboratory simulations reported elsewhere in this conference by Goldstein, 8
Since the emitter filament on ATS-5 is located within a cavity, perhaps its effec-
tiveness is decreased by the shielding action of the spacecraft body. In addition,
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there is evidence that a poterntial barrier may exist around spacecraft, 9 Thus, it
is possible that the electronhs ledving the filament cannhot escape from the space-
craft because they lack sufficiefit energy to penetrate such a barrier. An emitter
that was both exposed and biased with respect to spacecraft ground might be 10re
effective in coupling to the plasma,

There ate insufficient data to make a similar plot for ATS-6. Figure 5 shows
the spacecraft response to the neutralizer activation. This figure shows the space-
craft response on the most "active" day for which data are available, ("Active"
here refers to magnetospheric substorm activity.) The plasma environment
remained relatively constant from about 2350 until after 0130 on this day so that
the chanhges in the spacecraft's potential can be attributed to the neutralizer's
operation and to entry into and exit from eclipse. The figure shows that the space-
craft potential was maintained within 10 volts of ground during the entire neutralizer
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Figure 5. Effect of ATS-6 Neutralizer on Spacecraft
Potential
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operation, both in sunlight and in eclipse, The fact that the spacecraft potential
changes rapidly to several thousand volts negative when the neutralizer is turned
off implies that very large potetitials can be discharged by this neutralizer,

The low energy electron spectrum is also affected by neitralizer operation,
While this has not been studied in detail, such effects have been interpreted as
representing changes in the potential barrier surrounding the ATS-6 spacecraft
caused in this case by neutralizer operation, 2

Comparison of this event with the ATS-5 results leads one to believe that the
plasma dischargée may be the more effe¢tivé method of control.

One other difference between the two systems can be noticed. ATS-6 seems to
have beeh held to a steady potential during neutralizer operation, but this is not
always the case for operation of the electron emitter on ATS-5. Figure 6 gives
the time history of discharge for threeé events on ATS-5. The changes in potential
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during neutralizér operdtion shown in this figure do not seem to have been pro-
duced by changing environmental conditions. The reason for this strange behavinr
{s not knowti,

7. SUMMARY AND CONCLUSIONS

Active control of spacecraft potential hds been demonstrated using both an
unbiaged electron emitter and a piasma discharge. Activation of either of these
devices resulted in reductions int the magnitude of the spacecraft potential. Of
the two devices studied here, the plasma bridge neutralizer was more successful
in maihtaining the spacecraft potential near ground, Its operation held the space-
craft poténtial steady and less than 10 volts fror: grcund. In contrast to this
behavior, the ATS-5 potential during electron emitter operation is more variable.
Also, although operating this neutralizer results in reduction of the magnitude of
the spacecraft potential, it does not, in general, hold the potential near ground.

In fact, while the absolute magnitude of the change in potential inc+eases vith

ificreasing magnitude of the "meutralizer off'' potential, the percent change de-
creagses with increasing magnitude of the voff" potential. Thus, this device is
considered less éffective than the ATS-6 plasma device.

This résult does not imply that ro eléctron emitter could hold the spacecralft
ground potential near plasma ground. The particular device being used is both
uhbiased and recessed into the spacecraft body. As noted earlier, this recessed
location may result in suppression of the emission, particularly sinece the space-
craft surface near the emitter is an insulator and thus would remain charged nega-
tively even when the frame is discharged. The fact that the filament is unbiased
further means that the electrons leaving it will have energiés determined by the
9 Vac fllament power supply, that is, 2 volts. These may not have sufficient energy
to overcome a potential barrier surrounding the gpacecraft. It appears that a
biased emitter extended some distance from the spacecraft surface would be pre-
ferable for active control purposes.

The plasma dévice on ATS-6 has the inherent advantage that ions from the
discharge can be attracted to nearby negative surfaces, so that this device has a
mechanism for discharging irisulator surfaces as well as the spacecraft frame.

An electron emittér has no such mechanism available to it. In addition, the loca-
tion of the ATS-6 device, about 17 cm outboard of the spacecraft body, and the

fact that the emitted electrons have energlies on the order of 7 volts seem advan-
tageous ¢compared to the location and electron energies characteristic of the ATS-5
device. The fact that the gpacecraft is maintained within 10 volts of plasma ground
throughout neutralizer operation implies that electrons are escaping from the
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spacecraft. This could be because the electrons are emitted with sufficient energy
to overcome the potential barrier or because neutralizer operation alters the bar-
rier in some advantageous way.

The ATS-6 device, then, looks promising as an active control device, How-

ever, additional experiments using this device under a variety of natural environ-
mental conditicas are needed. Such experiments, as well as experiments utilizing
both ATS-5 and ATS-6 in conjunction with one another, are being conducted as a
part of the Spacecraft Charging Invéstigation.
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6. Active Control of Potential of the
Geosynchronous Satellites ATS-5 and ATS-6

Raymond Goldstein
Jot Propulsion Laboratory
Pasadenq, Califormia

Abstract

The ATS-6 geosynchronous satellite carries two cesium ion thrusters as part
of the technology experiment package. Their effectiveness in controlling the Space-
craft potential has been shown during normal opération of the thrusters. The Uni-
versity of California at San Diego auroral particles detectors were used to estimate
spacecraft potential, amount of cesium propellant backflow to the spacecraft, and
"electron signature” of the thruster, Operation of the thruster clamps the space-
craft to about -10 v in the presence of a wide range of ambient particle flux. Some
positive fons from the thruster are returned to the spacecraft during this period.
The plasma bridge neutralizer of the thruster is also effective in controlling the
spacecraft potential. Laboratory simulation tests of the ATS-5 ion thruster
thermionic emitter neutralizer showed that negative differential charging on the

spacecraft surface probably prevents the emitter fron completely discharging the
spacecraft in flight,

This paper presents the results of one phase of résearch carried ot at the Jet

Propulsion Laboratory, California Institute of Teczhnology, under Contract
NAS7-100, sponsored i;y the National Aeronautics and Space Administration.
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1. INTRODUCTION

The effectiveness of the cesium fon thrusters and their neutralizers carried
on the geosynchronous satellites ATS=-5 and ATS=6 to control the spaceeraft poten-
tial under a wide range of enivironmental conditions has recently been
reported; 12,3 Some variation of these devices is a likely candidate to be used
on a spacecraft explicitly for active potential control, It ia thercfore important
to understand details of the operation of these devices and their effects on the
spacecraft, For spacecrdft conducting scientific measuréments, for example, of
particles and fields, the question arises as to the direct effect of the discharge
device on the measurements. That is, it is desirable to know in what way, if any,
the device will contaminate the measurement with spurious contributions. In the
following, an analysis of some of the data from the University of California at San
Diego auroral particles detectors on ATS-6, taken during operation of a thruster,
is described and discussed. It is shown that operation of the discharge device has
a marked effect on the character of the measured data.

While the plasma devices on ATS-6 appear capable of clamping the spa